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1 
AIM OF THIS RESEARCH 
 
 To estimate the influence of solvent permittivity, polymer/solvent thermodynamic affinity and 
other technological parameters (i.e., concentration, flow rate) on the morphology and on the 
physical properties of poly(ε-caprolactone) (PCL) electrospun fibers in order to address cell 
response for nerve tissue engineering applications. 
 To evaluate and define the effect of gelatin protein integration into PCL fibers on  morphology 
and physico-chemical properties to identify the contribution of biochemical cues and scaffolds 
topography on cells (hMSC and PC-12) response. 
 To design and produce electrospun conduits for in vivo implant in rat sciatic nerve model, in 
order to test them as artificial graft for peripheral nerve regeneration. 
 
 
 
 
 
 
 
 
 
 
 
2 
SUMMARY OF COVERED SUBJECTS 
 
This thesis deals with the potential of the electrospinning process to create substrates composed of 
synthetic and natural polymers for use as alternative scaffolds for peripheral nerve regeneration. 
Chapter 1 gives a brief overview on the history, on the theories about electrospinning process, on 
the effect of materials and process parameters, on different types of electrospinning equipments and 
on its several applications, mainly focusing on tissue engineering application. 
Chapter 2 describes the preparation and characterization of electrospun poly(ε-caprolactone) (PCL) 
fibers changing solvent type and relates the differences in terms of morphology, crystallinity and 
cells response due to the employed polymer/solvent system. 
Chapter 3 presents the design and the optimization of PCL/Gelatin fibers. By the investigation of 
membranes morphology, hydrophilicity, degradation rate and interaction with different cell lines, 
electrospun samples are proposed as scaffolds for peripheral nerve regeneration. 
Chapter 4 concerns the design and optimization of electrospun conduits with a further assessment 
of their mechanical properties and interaction with primary cells. 
Chapter 5 describes the in vivo implant of PCL and PCL/Gelatin electrospun conduits as graft for 
sciatic nerve in a rat model to repair a 5 mm gap after transection in a 18 weeks study. The 
estimation of occurred regeneration has been shown by electrophysiology and histological results. 
Chapter 6 proposes the development of new electrospun devices with more complex 
characteristics, i.e. anisotropic or multilayer structures, to ensure the mechanical stability and to 
guide the regeneration process after peripheral nerve injury. 
3 
CHAPTER 1 
The Electrospinning Technique 
 
 
1.1 INTRODUCTION  
Electrospinning is a versatile technique that allows the fabrication of continuous fibers with 
diameters ranging from micrometers down to a few nanometers. The method can be applied to 
synthetic and natural polymers as well as to metals and ceramics. By the implementation of specific 
electrospinning setups it is possible to produce fibers with complex architectures, such as core–shell 
or hollow fibers, with an ordered arrangements and 3-D structures, such as tubes [1]. 
Electrospinning, also known as electrostatic spinning, has its basis about 300 years ago. In 1745, 
Bose described aerosols generated by the application of high electric potentials to drops of fluids. In 
1882, Lord Rayleigh investigated the question of how many charges needed to overcome the 
surface tension of a drop. Later, the first devices to spray liquids through the application of an 
electrical charge were patented by Cooley and Morton, in 1902 and 1903. In 1929, Hagiwaba et al. 
described the fabrication of artificial silk through the use of electrical charge. The crucial patent, in 
which the electrospinning of plastics was described for the first time, appeared in 1934 with Anton 
Formhals from Mainz as the author. Despite these early discoveries, the procedure was not utilized 
commercially. In the 1970s, Simm et al. patented the production of fibers with diameters of less 
than 1 mm. However, this work, which was followed by other patents, also remained unnoticed. 
Electrospun fibers were first commercialized for filter applications, as part of the nonwovens 
industry. Electrospinning gained substantial academic attention in the 1990s, which was partially 
initiated by the activities of the Reneker group. One reason for the fascination with the subject is the 
combination of both fundamental and application-oriented research from different science and 
engineering disciplines [1]. 
Since the invention of electrospinning in the early 20th century, there has been enormous activity in 
this area during the last two decades [2-5], with more than 1500 annual reports and 15,000 
publications being written on the subject [6]. Electrospinning is not only used in university 
laboratories, but it is increasingly being applied in industry, too. The scope of applications, in fields 
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as diverse as filtration, catalysis, optoelectronics, sensor technology, tissue engineering scaffolds 
and medicine, is very broad [1, 7]. 
1.2  THEORETICAL BACKGROUND 
Conventional production systems of large diameter fibers involve the drawing of molten polymer 
out through a die. The resultant stretched polymer melt dries to form individual strand of fiber. 
Similarly, electrospinning also involves the drawing of fluid, either in the form of molten polymer, 
polymer solution or different types of precursors, depending on the applications. However, unlike 
conventional drawing method, where there is an external mechanical force that pushes the melt 
through a die, electrospinning makes use of charges that are applied to the fluid to provide a 
stretching force [8]. 
The apparatus used for electrospinning consists of a high voltage power supply with positive or 
negative polarity, a syringe pump, in order to guarantee a constant flow of the fluid, a metal needle, 
and a conducting collector like an aluminium foil. The collector can be made of any shape 
according to the requirements, like a flat plate, a rotating drum, a disc, a cylinder (Figure 1.1). 
 
Figure 1.1: Electrospinning apparatus. 
In this work electrospinning from polymer solution has been performed. The polymeric solution is 
forced through the syringe pump to form a pendant drop at the tip of the capillary. High voltage 
potential is applied to the polymer solution inside the syringe through an electrode connected via 
conductive clamps to the needle, thereby inducing free charges into the polymer solution. These 
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charged ions move in response to the applied electric field towards the electrode of opposite 
polarity or grounded, thereby transferring tensile forces to the polymer liquid [9]. Therefore at the 
tip of the capillary, indicated as base region, the pendant, hemispherical polymer drop takes a cone 
like projection, known as Taylor’s cone (Figure 1.2). 
 
Figure 1.2: a) Surface tension effect on a polymer solution droplet, b) electric force acting on the droplet; c) balance 
between the electric field and the surface tension; d) Taylor’s cone formation.  
When the applied potential reaches a critical value required to overcome the surface tension of the 
liquid, a jet of liquid is ejected from the cone tip [10]. The shape of the base region depends upon 
the surface tension of the liquid and the force of the electric field; jets can be ejected from surfaces 
that are essentially flat if the electric field is strong enough [7], as represented in Figure 1.3.  
 
Figure 1.3: Stable jet profiles of PEO-water solution, a) E∞= 0.47; b) E∞= 0.53; c) E∞= 0.6 ; d) E∞= 1 kV cm-1 [11]. 
Electric forces then accelerate and stretch the polymer jet, causing the diameter to decrease as its 
length increases. After the initiation from the cone and a linear travel for a certain fraction of his 
path, the jet undergoes a chaotic motion or bending instability and as it goes through the atmosphere 
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towards the opposite charged collector (Figure 1.4), the solvent evaporates, leaving behind a dry 
fiber on the collecting device [12, 13]. The occurrence of bending instabilities is easily understood: 
even a simple linear arrangement of three equal charges elastically fixed along a chain becomes 
unstable towards lateral deflection, in this case a straight section of the jet turns sideways and forms 
loops in the horizontal plane. The loop diameters increase with time during the motion towards the 
counter electrode; thanks to these instabilities nanofibers can be produced [1]. 
 
Figure 1.4: A scheme of evolving solution jet during electrospinning. The flight path is divided into three regions. 
When the parameters indicated (C: concentration, Mw: polymer molecular weight) are increased, regional borders may 
shift in the direction indicated by the arrows [14]. 
To the naked eye (and from the perspective of low-speed photography), this instability appears to be 
splaying, e.g., in the form of repeated bifurcations, of the initially single-jet stream (with each jet 
stream leading toward a single ﬁlament) into multiple jet streams (or subﬁlaments), giving the 
impression of a frayed rope, as seen in Figure 1.5, left. A reasonable explanation for the apparent 
splaying of the jet stream could be easily found in the increasing electrostatic repulsion of the 
different parts of the ﬁber surface [10]. However, subsequent experimental evidence gathered with 
highspeed cameras (Figure 1.5, right) and theoretical models suggested that the apparent splaying 
was an optical illusion in the form of a very fast whipping motion of the jet [15]. 
 
Figure 1.5: Left, photograph of a jet of PEO solution during electrospinning. Right, high-speed photograph of jet 
instabilities [1, 13]. 
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Another instability is induced by the coupling of the liquid strand with the electric field during 
electrospinning. The so-called axisymmetrical instability provides a statistical variance of the jet 
radius that causes a modulation of the surface charge density (Figure 1.6). This modulation, in turn, 
generates tangential forces, which couples to the radius modulation and amplifies it. The end result 
is the formation of defects called beads, which are aligned along the fiber like pearls on a string [1]. 
 
Figure 1.6: Representation of axis-symmetric and non axis-symmetric instabilities of electrospun jet. 
Rutledge and co-workers examined the competition between these instabilities for various applied 
electric fields and the flow rate and determined the dominant mode. They constructed operating 
diagrams that outlined the conditions at which whipping could be expected; their predictions agreed 
well with experimental results [7, 16]. 
1.3 CONTROL OF THE ELECTROSPINNING VARIABLES 
From the previous description of theory, it is clear that the electrospinning process can be controlled 
manipulating a number of variables which Doshi and Reneker classified in terms of materials 
properties, process and ambient parameters [7, 17]. 
The materials variables in solution electrospinning may be subdivided further in two groups. The 
first group is related to the nature of the components used, including chemical composition of the 
polymer and solvent, and for polymers, the corresponding molecular weight and molecular weight 
distribution. The second group mainly includes properties of solution, such as surface tension, 
concentration and viscosity, charge density, solution conductivity [15]. The applied voltage, the 
electrode separation distance and the flow rate are classified as process parameters, instead ambient 
variables include air composition and humidity [15]. 
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1.3.1 Polymer Properties 
Significant effects on morphology are primarily determined by the properties of the system used: 
changing the molecular weight of polymer, solvent type and solution concentration it is possible to 
pass from the creation of microspheres to fibers micro or nanosized, possibly characterized by a 
certain porosity and roughness, as summarized in Figure 1.7.  
 
Figure 1.7: Dependence of morphology from materials and process parameters. 
One of the conditions necessary for electrospinning to occur is that the solution must consists of 
polymer of sufficient molecular weight and the solution must be of sufficient viscosity. The 
molecular weight of the polymer represents the length of the polymer chain, it affects solution 
viscosity since the polymer length determines the amount of entanglement of the polymer chains in 
the solvent [8]. Generally, when a polymer of higher molecular weight is dissolved in a solvent, its 
viscosity is greater than solution of the same polymer but of a lower molecular weight. 
During electrospinning as the jet travels from the needle tip towards the collection plate stretched 
by the electric field, it is the entanglement of the molecule chains that prevents the electrically 
driven jet from breaking up thus maintaining a continuous solution jet. As a result, monomeric 
polymer solution does not form fibers when electrospun [8, 18]. This means that there is a threshold 
in terms of molecular weight that allows the production of fibers instead of microspheres. 
The polymer chain entanglements were found to have a significant impact on whether the 
electrospinning jet breaks up into small droplets or whether resultant electrospun fibers contain 
beads [19]. Although a minimum amount of polymer chain entanglements and viscosity are 
necessary for electrospinning, a viscosity that is too high makes it very difficult to pump the 
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solution through the syringe needle [20]. Moreover, when the viscosity is too high, the solution may 
dries at the tip of the needle before electrospinning can be initiated [21]. In fact, considering two 
different type of poly(ε-caprolactone) (PCL), one of low molecular weight (Mw 14 kDa) and 
another of high molecular weight (Mw 65 kDa), both dissolved in chloroform, fixing composition 
and process parameters, it is possible to switch from microspheres to fibers (Figures 1.8 A-B).  
 
Figure 1.8: Comparison of polymer molecular weight and concentration effect on morphology of electrospun mats, 
fixing the remaining parameters: A) PCL Mw 14 kDa and 10% w/w, B) PCL Mw 65 kDa and 10% w/w, C) PCL Mw 65 
kDa and 15% w/w, D) PCL Mw 65 kDa and 5% w/w. 
1.3.2 Solvent Properties 
Variation of solvent type greatly affects both the fiber spinnability and the final fiber morphology. 
The use of solvents with higher dielectric constant, which reflects the polarity of molecules, and 
higher dipole moment improves electrospinnability [22] and leads to the reduction of the resultant 
electrospun fiber diameter [23]. This is due to an increased bending instability of the electrospun 
jet, shown by a larger deposition area, and consequently to a longer jet path [8]. In fact it has been 
shown that the electric charges have a much greater effect to a polar solvent than to a non-polar 
solvent [23]. 
The greater bending instability and the reduction of fibers diameter due to higher polarity of 
solvents is evident comparing PCL membranes obtained from solutions in chloroform (CHCl3), 
apolar, with low dielectric constant 4.8 [8] and in 2,2,2 trifluoroethanol (TFE) which is a fluorinated 
solvent showing a dielectric permittivity of 27.0 [8]. Scanning Electron Microscopy (SEM) images 
reported in Figure 1.9 demonstrate that changing solvent it is possible to control fiber size scale, 
reaching sub-micrometric dimensions. 
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Figure 1.9: Influence of solvent dielectric permittivity and volatility on fibers size scale: A) PCL in CHCl3; B) PCL in 
TFE. 
In order to tune fiber size and improve electrospinnability, a solvent with higher dielectric constant 
can be added to the solution, since the dielectric constant of mixed solvents is the weighted average 
of the mixture components by assuming a simple additive function of solvents concentration. For 
example the dielectric properties of a PCL solution in chloroform (dielectric constant 4.8 [8]) can be 
increased with ethanol (EtOH) addition (dielectric constant 24.5 [8]) as co-solvent and lowering 
surface tension, the jet splays more easily, thereby reducing fibers diameter (Figure 1.10). 
 
Figure 1.10: Influence of CHCl3- EtOH ratio on fibers size scale: A) 100:0; B) 90:10; C) 80:20; D) 70:30, E) 60:40. 
By assuming a linear relationship between pure solvents dielectric constant, the mixtures dielectric 
constants were estimated varying the ethanol amount (Figure 1.11 A).  
 
Figure 1.11: Influence of CHCl3- EtOH ratio on mixture dielectric constant. 
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The limit to use co-solvents to improve solution relative permittivity is determined by the 
polymer/solvent thermodynamic affinity, expressed by the solubility parameter δ. It has been 
demonstrated that distributed defects along fibers occurred when there is a tendency towards the 
partial demixing of the solution due to sub-optimal thermodynamic coupling represented by a 
remarkable difference in terms of δ between the pure polymer and the pure solvents or mixture. In 
fact, for a 60:40 CHCl3- EtOH ratio the permittivity increases but the solubility parameter of the 
mixture deviates from the PCL (20.2) (Figure 1.11 B). 
Also solvents chemical structure influences system electrospinnability [25]: membranes obtained in 
the same conditions from PCL/chloroform solution, solvents with a linear chain, present less defects 
and more homogeneous diameters distribution than those produced from PCL/tetrahydrofuran 
(THF), which has symmetric cyclical chains, as shown in Figure 1.12. Linear solvent molecules 
easily tend to spread over the entangled polymer molecules thus reducing the tendency for the 
solvent molecules to come together under the influence of surface tension, leading to decrease 
beads formation.  
 
Figure 1.12: Effect of solvent properties on electrospinnability and defects formation: A) PCL in chloroform 20% w/w; 
B) PCL in THF 20% w/w. 
In addition, solvent density can further affects the viscosity of solution, when this value is low, 
solvent molecules can congregate under the action of surface tension, determining the presence of 
defects, i.e. THF 0.87 g/cm3 and CHCl3 1.47 g/cm
3 [25].  
1.3.3 Solution Properties  
The solution properties play a key role in the formation of electrospun fibers and defects. Similar to 
increasing the molecular weight, higher polymer concentration results in greater chain 
 12 
entanglements within the solution which is necessary to maintain the continuity of the jet during 
electrospinning [8]. At low concentrations and so at low viscosities, surface tension is the dominant 
influence on fiber morphology and below a certain concentration drops form instead of fibers [26, 
27]. Increasing concentration, there is a gradual change in the shape of the electrospun products, in 
fact drops are followed by fibers with beads from spherical to spindle-like until a smooth fiber is 
obtained [28].  
These phenomena have been showed for a system composed of PCL in chloroform, at different 
composition (Figures 1.8 C-D) and it is compared with those due the increased polymer molecular 
weight. At high concentrations, processing is prohibited by an inability to control and maintain the 
flow of a polymer solution to the tip of the needle and by the cohesive nature of the high viscosity 
solutions [20, 21]. 
Once obtained defects-free fibers, a further increase in concentration causes a rise in fibers average 
diameter, probably due to the greater resistance of the solution to be stretched by the charges on the 
jet [29, 30]. In fact, if the concentration is high enough to guarantee a solution viscosity able to 
reduce bending instability, the deposition area is smaller and the jet path is reduced. In this way 
there is less stretching of the solution resulting in a larger fiber diameter [8, 28]. 
Although the range of concentrations that produce fibers obviously varies depending on the 
polymer/solvent system used and interactions between them, the forces of viscosity and surface 
tension determine the upper and lower boundaries of processing window, if all other variables are 
held constant [12]. 
In fact, the initiation of electrospinning requires the charged solution to overcome its surface 
tension. However, as the jet travels towards the collection plate, the surface tension may cause the 
formation of beads along the jet. Surface tension decreases the surface area per unit mass of a fluid. 
In this case, when there is a high concentration of free solvent molecules, there is a greater tendency 
for the solvent molecules to congregate and adopt a spherical shape due to surface tension. At 
higher viscosity the solvent interacts more with the polymer molecules thus, when the solution is 
stretched under the influence of the charges, the solvent molecules tend to spread over the entangled 
polymer molecules reducing the tendency for the solvent molecules to come together under the 
influence of surface tension [8]. 
Since electrospinning involves stretching of the solution caused by repulsion of the charges at its 
surface, if the solution conductivity is increased, more charges can be carried by the 
electrospinning jet influencing the stretching of the solution. As a result, smooth and finer fibers are 
formed [21] and the critical voltage for electrospinning to occur is also reduced [23]. Another effect 
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of the increased charges is that it results in a greater bending instability and so the deposition area of 
the fibers is increased [31].  
Although organic solvents are known to be non-conductive, many of them do have a certain level of 
conductivity as mentioned previously otherwise the solution conductivity can be increased by the 
addition of ions. The size of the ions may have an influence in the fiber morphology. Electrospun 
fibers from a solution with dissolved NaCl was found to have the smallest diameter, while fibers 
from a solution with dissolved KH2PO4 had the largest diameter and fibers electrospun from 
solution with NaH2PO4 dissolved had intermediate diameter. As sodium and chloride ions have a 
smaller atomic radius than potassium and phosphate ions, they may have a greater mobility under 
an external electrostatic field. As a result, the greater elongational force on the electrospinning jet 
caused by the more mobile and smaller ions could yield fibers with smaller diameter [21].  
1.3.4 Process Parameters 
External factors such as the flow rate, voltage, type of collector, needle diameter and distance 
between the needle tip and collector have a certain influence on fibers morphology, though less 
significant than the solutions parameters. 
The high voltage supplied induces the necessary charges on the solution and together with the 
external electric field, initiates the electrospinning process when the electrostatic force overcomes 
the surface tension of the solution [8].  
The applied voltage affects the shape of the liquid surface from which the jet originates, this 
phenomenon reflects a change in the mass balance that occurs at the end of the capillary tip. In 
facts, the voltage can increase the spinning current, due to the charge transport during the flowing of 
polymer from the tip to the target, since ionic conduction in the polymer solution is usually assumed 
small enough to be negligible. Greater spinning current usually results in higher mass flow rate 
from the capillary tip to the grounded target when all other variables are held constant. 
At low voltages, a droplet of solution remains suspended at the end of the syringe needle, and the 
fiber jet originates from a cone at the bottom of the droplet whose diameter is larger than the 
capillary. The nanofibers produced under these conditions have a cylindrical morphology with few 
bead defects present. As voltage is increased, the volume of the droplet decreases, the cone has 
receded and the jet originates from the liquid surface within the syringe tip. The electrospun fibers 
produced still have essentially a cylindrical morphology, but there is a distinct increase in number 
of bead defects present in the fiber mat. In fact, increasing the voltage causes the rate at which 
solution is removed from the capillary tip to exceed the rate of delivery of solution to the tip needed 
to maintain the conical shape of the surface. This shift in the mass balance results in a sustained but 
increasingly less stable jet, generating more defects [12]. 
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When the voltage is increased, a stronger columbic repulsive force is present within the polymer jet 
causing greater stretching, a reduction of fiber diameter, a more pronounced whip-like motion of the 
ejected fiber due to bending instability [21, 32]. In addition, higher applied voltage increases the 
rate of solvent evaporation producing drier and a more distinguishable fibrous deposition as 
opposed to an interconnected mesh [33]. As with other electrospinning parameters, the voltage 
effects on fiber morphology are not standardized. It appears that the voltage effect on fiber diameter 
could be different, depending on the polarity of the solution and the electrical properties of the 
polymer [34]. This may also provide an explanation for the seemingly contradictory results reported 
by different electrospinning groups as some of the researchers found that the fiber diameter 
increased with voltage [30, 35-37] while others found that the fiber diameter decreased with 
increasing voltage [38-42], although the effect of voltage was not as strong as that of the polymer 
solution concentration as shown also in Figure 1.13 for PCL fibers. 
 
Figure 1.13: Evaluation of PCL fiber morphology changing the applied voltage: A) 10, B) 13, C) 15, D) 18 kV. 
The struggle to maintain constant the Taylor cone requires frequent adjustments to the voltages 
strength in conjunction to monitoring other electrospinning parameters [43]. 
The solution flow rate is another process factor that has to be considered in order to obtain a stable 
Taylor’s cone for given parameters and to influence electrospun fibers morphology. The feedrate 
determines the amount of solution available for electrospinning. When the feedrate is increased, 
there is a corresponding raise in the fiber diameter or beads size, simply because a greater volume 
of solution is drawn away from the spinneret [8, 21, 44, 45]. In Figure 1.14, SEM images and the 
relative image analysis showed an increase of fibers diameters ranging from 0.1 ml/h to 3 ml/h. 
Due to the greater volume of solution drawn from the needle tip, the jet takes a longer time to dry. 
As a result, the solvents in the deposited fibers may not have enough time to evaporate given the 
same flight time. The residual solvents may cause the fibers to fuse together where they make 
contact forming web. A lower feed rate is more desirable as the solvent has more time for 
evaporation [46]. 
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Figure 1.14: Evaluation of PCL fiber size from SEM images of membranes by using different flow rates: A) 0.1, B) 
0.5, C) 1, D) 3 ml/h. 
The electrode separation distance refers to measured distance between the dispensing needle and 
the grounded collecting plate. It contributes to the polymer fiber morphology by affecting flight 
time and electric field strength. As electrode separation distance increases and electric field strength 
decreases, the flight time of the ejected polymer jet increases which gives more time for solvent 
evaporation and the formation of independent fibers on a larger deposition area [8, 43]. Conversely, 
as electrode separation decreases, flight time shortens and the electric field strengthens allowing 
less time for solvents to evaporate. The resulting mat resembles a conglomeration of fibrous 
junctions instead of individual fibers on a narrower deposition area [43, 47]. 
 
Figure 1.15: Deposition area reduction induced by decreasing electrodes distance during electrospinning of a PCL 
solution from 14 cm (A) to 10 cm (B) and 6 cm (C).  
In Figure 1.15 it has been illustrated that deposition area effectively shrank decreasing electrodes 
distance from 14 cm to 6 cm during electrospinning of a PCL solution in chloroform, fixed 
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remaining parameters. Depending on the solution properties, the effect of varying the distance may 
or may not have a significant effect on the fiber morphology. In some cases, changing the distance 
has no significant effect on the fiber morphology. 
1.3.5 Ambient Parameters 
Any interaction between the surrounding and the polymer solution may have an effect on the 
electrospun fiber morphology. 
High humidity for example was found to cause the formation of pores on the surface of the fibers: 
the surface of the jet cools and water from the air condenses on the surface of the fiber. As the fiber 
dries, the water droplets leave an imprint behind [48, 26]. On the contrary, experiments using 
Polysulfone (PS) dissolved in Tetrahydrofuran (THF) show that at humidity of less than 50%, the 
fiber surfaces are smooth. The humidity of the environment also determines the rate of evaporation 
of the solvent in the solution. At a very low humidity, a volatile solvent may dries very rapidly. The 
evaporation of the solvent may be faster than the removal of the solvent from the tip of the needle. 
As a result, the electrospinning process may only be carried out for a few minutes before the needle 
tip is clogged [8]. It has also been suggested that the high humidity can help the discharge of the 
electrospun fiber [49, 50]. However, more tests have to be carried out to determine the effect of 
humidity on the electrical discharge during electrospinning and the accumulation of residual 
charges on the collected fibers. 
Under enclosed condition, it is possible to investigate the effect of pressure on the electrospinning 
jet. Generally, reduction in the pressure surrounding the electrospinning jet does not improve the 
electrospinning process. When the pressure is below atmospheric pressure, the polymer solution in 
the syringe has a greater tendency to flow out of the needle and there causes unstable jet initiation. 
As the pressure decreases, rapid bubbling of the solution occurs at the needle tip. At very low 
pressure, electrospinning is not possible due to direct discharge of the electrical charges. 
Mit-Uppatham et al. spun polyamide-6 fibers at temperatures ranging from 25 to 60°C [28]. They 
found that increasing the temperature yielded fibers with a decreased fiber diameter, and they 
attributed this decline in diameter to the decrease in the viscosity of the polymer solutions at 
increased temperatures. 
1.4 ELECTROSPINNING SETUPS 
As well as fibers morphology can be adjusted to a certain extent by manipulating system and 
process parameters, also patterning and architecture of the final meshes can be tuned by using 
proper technological devices. Depending on the application, a number of collector configurations 
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can be used, including a stationary plate, a rotating mandrel, a cylinder. Typically the use of a 
stationary collector results in the formation of a randomly oriented fiber mat. 
It is possible to control fibers deposition, inducing a preferential orientation in order to get aligned 
fibers rather than random meshes. The simplest form is through the use of a rotating mandrel at a 
very high speed, up to thousands of rpm (revolution per minute) so that the fibers can be taken up 
on its surface and wounded around it. This is a mechanical method of aligning the fibers along the 
circumference of the mandrel. If the rotation of the mandrel is slower than the alignment speed, the 
fibers deposited are randomly oriented [8]. 
An alternative method to align the electrospun fibers is based on the behavior of electrospinning jet 
in an electrostatic field: when two parallel conducting electrodes are placed below the needle with a 
gap between them as shown in Figure 1.16, the electric field lines in the vicinity of the parallel 
electrodes were split into two fractions pointing towards edges of the gap along the electrodes [51]. 
Since it is known that the electrospinning jet is influenced by the electrostatic field profile, the jet 
would stretch itself across the gap as the field lines are attracted towards the electrodes. This results 
in electrospun fibers aligning itself across the gap between the electrodes. Due to the presence of 
charges on the electrospun fibers, mutual repulsion between the deposited fibers enhances the 
parallel distribution of the fibers. 
 
Figure 1.16: (a) Electrospinning with two parallel conducting collectors; (b) profile of the electric field; (c) electrospun 
fibers [52]. 
As shown in Figure 1.17 B, aligned fibers layers can be overlapped also changing the fibers 
orientation angle. 
The potential application of electrospun fibers is greatly increased by the ability to obtain two-
dimensional (2D) as well as three dimensional (3D) fiber architectures. Smaller diameter tube can 
be used as the rotating mandrel to form tubular structure made of electrospun fibers (Figure 1.17 C). 
Under normal electrospinning setup, only electrospun fibers of the same material are produced. 
However, to further improve on the versatility of electrospinning, some researchers have produced 
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fiber mesh composed of different types of polymer fibers. The fiber mesh may consist of layers 
formed by different types of polymer sequentially electrospun [39]. However, care must be taken to 
ensure that the second layer of fibers is deposited on top of the first fiber mesh. Accumulations of 
charges on the first layer of fiber mesh may discourage the subsequent layers of fibers from 
depositing directly on the previous layers. As consequence, the fiber mesh layers may not be of 
uniform thickness. 
To obtain a fiber mesh with mixed polymer fibers, the simplest method is to use two different 
electrospinning source filled with the two different polymer solution and electrospun onto a moving 
collector [39, 53] as represented in Figure 1.17 D. This ease of use and adaptability is one of the 
main reasons for electrospinning’s renewed popularity [3, 54]. 
 
Figure 1.17: Electrospinning setups: A) random deposition; B) multilayer of fibers with a different angle of alignment; 
C) tubes; D) simultaneous electrospinning of different solutions. 
1.5 APPLICATIONS 
The possibility of large scale productions combined with the simplicity of the process makes this 
technique very attractive for many different applications [55] 
Reviewing the number of patents, one can see that approximately two-thirds of all electrospinning 
applications are in the medical ﬁeld. Of the remaining patents, one-half deals with ﬁltration 
applications, and all other applications share the remaining half. The potential applications of 
electrospun ﬁbers are shown schematically in Figure 1.18.  
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Figure 1.18: Electrospinning applications. 
A very broad range of applications - including life sciences, medical, and ﬁltration applications as 
well as sensors, protective clothing, and masks - is covered [15]. Here we would like to highlight 
the importance of electrospinning, in general, for biomedical applications like tissue engineering. 
1.5.1 Tissue Engineering  
As defined by Langer and Vacanti in 1993, tissue engineering is “an interdisciplinary field that 
applies the principles of engineering and life sciences toward the development of biological 
substitutes that restore, maintain, or improve tissue function” [7, 56].  
For engineering living tissues, biodegradable scaffolds are generally considered as indispensable 
elements as these are used as temporary templates with specific mechanical and biological 
properties similar to native extracellular matrix (ECM) in order to modulate cell adhesion, invasion, 
proliferation, and differentiation prior to the regeneration of biologically functional tissue or natural 
ECM [7]. 
In vivo, ECM is composed of a network of nanometer-sized proteins and glycosaminoglycans [7]. 
The intricate complexities of this spatial and temporal environment dynamically influence 
phenotypic and other cellular behavior by providing indirect and direct informational signaling cues 
[7, 57]. 
Thus, the more closely the in vivo environment (i.e., chemical composition, morphology, surface 
functional groups) can be recreated, the more likely the success of the tissue engineering scaffold 
[58, 59].  
Although the desired characteristics of a scaffold vary slightly with the tissue trying to be recreated, 
there are general properties that are desirable. First and foremost, the scaffold should be 
biocompatible, meaning that it integrates with the host tissue without eliciting a major immune 
response [60]. The scaffold should also be porous with a high surface-volume ratio to allow for cell 
attachment and in-growth, as well as exchange of nutrients during in vitro or in vivo culture [61]. 
 20 
Furthermore, the porous nature of the scaffold allows for angiogenesis upon implantation in a defect 
site (for vascularized tissues). Moreover, since the scaffold acts as a temporary support for the cells 
to adhere and proliferate, it should mimic native ECM both architecturally and functionally [62]. 
Finally, a tissue engineering scaffold should be biodegradable so that a second surgery is not 
required to remove the implant [62]. The rate of degradation should coincide or at least be 
controllable to mimic the rate of neo-tissue formation [7, 60]. 
Electrospinning generates connected porous mats with high porosity and high surface area which 
can mimic extra cellular matrix structure and therefore makes itself an excellent candidate for use in 
tissue engineering. 
The diameter of electrospun fibers can be of similar magnitude as that of fibrils in ECM, mimicking 
the natural tissue environment [63]. Electrospinning has now become the most extensively used 
fabrication method for preparation of these nanofibrous scaffolds. When compared to other fiber 
forming processes such as self-assembly and phase separation techniques, electrospinning provides 
a simpler and more cost-effective means to produce fibrous scaffolds with an interconnected pore 
structure and fiber diameters in the sub-micron range [64].  
Proper choice of biomaterials is required in terms of mechanical properties and degradation time 
which depends upon the type of scaffold required, type of the tissues to be regenerated and their 
regeneration time. This includes electrospinning of known and commercially available synthetic 
and natural biomaterials like polylactide (PLA), polycaprolactone (PCL), polyglycolic acid (PGA), 
and their copolymers etc. and especially synthesized novel biomaterials that are designed to direct 
the organization, growth, and differentiation of cells in the process of forming functional tissues 
[55]. 
Natural polymers are often used for preparing fibrous scaffolds because of their enhanced 
biocompatibility and bio-functional motifs such as collagen, alginate, silk protein, hyaluronic acid, 
fibrinogen, chitosan, starch and others and because their addition into synthetic polymers can 
improve the overall cytocompatibility of the scaffold [65-68]. A variety of polymeric fibers have 
been considered for use as scaffolds for engineering tissues such as cartilages [69, 70], dermal 
tissue engineering [71], bones [72, 73], arterial blood vessels [74-76], heart [77, 78], nerves [79,80]. 
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CHAPTER 2 
Tuning Size Scale and Crystallinity of Poly(ε-Caprolactone) 
Electrospun Fibers via Solvent Permittivity 
 
 
2.1 INTRODUCTION 
In the previous chapter it has been reported as the scaling of fiber diameter to reach the desired 
morphology is dependent upon the synergistic effect of a large number of variables relating to 
polymer solution properties and process parameters, which ultimately control the final fiber 
characteristics. It has been demonstrated that fibers without beads may be electrospun by spinning 
within a certain concentration range in order to reduce surface tension [1], and that thinner fibers 
may be obtained from a polymer solution with a higher net charge density [2]. Several authors have 
recently noted that solution properties are the main factor which influences the transformation of the 
polymer solution into ultrafine fibers [3]. However, optimal materials and process parameters 
cannot be specified without a thorough knowledge of the chemical and physical properties of 
polymeric solutions, which influence the formation of the charged polymer jet during 
electrospinning. Some authors have recently discussed the influence of solvent features (e.g., 
volatility) on fiber surface morphology and fiber properties at the nanoscale [4]. Other studies have 
indicated the contribution of solvent boiling point in determining the final size of electrospun fibers 
[5] and co-solvent effects on the diameter and morphology of PVC fibers electrospun in 
tetrahydrofuran (THF)/dimethylformamide (DMF) mixtures. The effect of co-solvent has also been 
studied. A reduction in average fiber diameter was observed as the amount of DMF in a THF/DMF 
mixture increased, indicating the importance of solvent polarity in electrospinning [6]. All these 
studies show the real difficulty which exists in attempting to define a correlation between 
microscopic properties and macroscopic morphological features. 
 In this chapter, poly(ε-caprolactone) (PCL) electrospun membranes have been prepared using 
solvent systems of differing polarity. The objectives were to identify those solvent properties (e.g., 
permittivity, volatility and thermodynamic affinity with the polymer) which most affected fiber 
morphology and physical properties, as well as biological response of human Mesenchymal Stem 
Cells (hMSC) 
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2.2 EXPERIMENTAL SECTION 
2.2.1 Materials 
PCL pellets (Mw= 65 kDa) were purchased from Sigma-Aldrich (Italy). The solvents 1,1,1,3,3,3-
hexafluoro-2-propanol (HFP), 2,2,2-trifluorethanol (TFE), (Fluka, Italy), chloroform (CHCl3) and 
tetrahydrofuran (THF) (J.T. Baker, Italy) were used as received without further purification. PCL 
was dissolved separately in each solvent by magnetic stirring at 28°C overnight to attain a clear 
solution ready for electrospinning. Two different PCL/solvent ratios were used, namely lower (LC) 
and higher (HC), which were 10 and 20% w/v, respectively. 
2.2.2 Electrospinning Setup 
The electrospinning apparatus used in this work was comprised of three components: (i) a syringe 
pump system (Genie Plus k600, Kent Scientific), to control the mass flow of the solution as the 
process proceeded; (ii) two metal electrodes; (iii) a single-polarity high-voltage power supply 
(Gamma High Voltage Research, mod. ES30), capable of generating DC voltage in the range 0–30 
kV, connected to (ii). The proposed apparatus was further enclosed in a Plexiglass box to insulate 
the system from external fields and to restrain sudden changes of environmental conditions during 
the electrospinning process. The solution was placed in a 5ml syringe (BD Plastipack, Italy), fixed 
on the pump system and joined to a stainless steel needle with an inner diameter of 18 Ga, 
connected to the positive pole. An earthed metallic plate covered by aluminium foil was used to 
collect fibers, with the distance between the tip of the needle and the collector set at 14 cm. The 
process was carried out in a vertical configuration, and a deposition time was adequate for the 
required thickness of the fibers to be deposited on the grid. The electrospun membranes investigated 
in this study were obtained by applying a high voltage of 13 kV at four different feed rates (i.e., 0.1, 
0.5, 1 and 3ml/h).  
2.2.3 Morphology and Image Analysis 
A qualitative evaluation of the fiber morphology of the electrospun PCL membranes was performed 
using field-emission scanning electron microscopy (FESEM, QUANTA200, FEI, The Netherlands) 
after sputter-coating with gold-palladium. Samples were preliminarily kept under a fume hood in 
order to remove residual solvent traces, then directly located on metal stubs to preserve the fiber 
morphology. The accelerating voltage ranged between 5 and 20 kV. Moreover, on selected SEM 
images, the average diameter was determined by measuring ca. 30 representative fibers using 
freeware image analysis software (NIH Image J 1.37). 
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2.2.4 Thermodynamic Approach 
To examine the ability of solvents to dissolve PCL, a procedure was adapted from earlier studies 
[7], based on estimating the χ parameter for different polymer/solvent pairings. The χ parameter 
shows the degree of solvent/polymer affinity; χ less than 0.5 indicates a favorable solvent 
interaction, whilst χ greater than 0.5 indicates that the solvent is unable to dissolve the polymer due 
to unfavorable polymer/solvent interactions. Assuming low polymer concentrations, χ may be 
expressed algebraically as 
χ =
Ms
RTρs
(δs − δp)
2 
where subscripts s and p denote solvent and polymer, respectively, MS is the solvent molecular 
weight, R is the universal gas constant and δ is the solubility coefficient of the pure components. 
Some basic properties of the solvents (boiling point, density and solubility parameters) must be 
considered at room temperature, as summarized in Table 2.2 [7, 8]. χ values for each solvent were 
compared using that for PCL, reported elsewhere [9]. 
Table 2.1: Summary of solvent properties as a function of molecular polarity. 
Solvent 
Chemical 
Formula 
Polarity 
Relative dielectric 
permittivity 
CHCl3 CHCl3 
low 
4.8 [10] 
THF C4H8O 7.5 [10] 
HFP C3H2OF6 
high 
17.8 [11] 
TFE C2H3OF3 27.0 [10] 
Table 2.2: Solvent chemical parameters and thermodynamic affinity (χ parameter) of different PCL/solvents solutions. 
Solvent 
Density ρ 
(g cm-3) 
Boiling point Tb 
(°C) 
δ 
(MPa1/2) 
χ 
CHCl3 1.47 61.20 19.0 [7] 0.047 
THF 0.87 66 19.1 [7] 0.038 
HFP 1.60 59 20.0 [8] 0.002 
TFE 1.38 73.6 22.5 [8] 0.155 
 
2.2.5 Raman and IR Spectroscopy 
Raman and IR spectroscopy were performed in collaboration with Dr. Paola Taddei from the 
Department of Biochemistry ‘‘G. Moruzzi’’, Alma Mater Studiorum, University of Bologna. 
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Raman spectra were recorded on a Bruker MultiRam FT-Raman spectrometer equipped with a 
cooled Ge-diode detector. The excitation source was a Nd3+-YAG laser (1064 nm) in backscattering 
(180°) configuration. The focused laser beam diameter was about 100µm, the spectral resolution 4 
cm-1, and the laser power at the sample about 60 mW. At least three spectra were recorded on 
different points of each sample and averaged. 
IR spectra were recorded on a Nicolet 5700 Fourier-transform infrared (FT-IR) spectrometer, 
equipped with a Smart Orbit diamond attenuated total reflectance (ATR) accessory and a deuterated 
triglycine sulfate (DGTS) detector. The spectral resolution was 4 cm-1 and the number of scans was 
64 for each spectrum. The ATR area was 2 mm in diameter and the IR radiation penetration was 
about 2 µm. At least ten spectra were recorded at different points of each sample and averaged. 
2.2.6 Differential Scanning Calorimetry (DSC) 
DSC analysis was performed in collaboration with Dr. Paola Taddei from the Department of 
Biochemistry ‘‘G. Moruzzi’’, Alma Mater Studiorum, University of Bologna.  
DSC measurements were made with a Mettler TA-STAR, DSC 821e calorimeter from 25 to 120°C. 
The samples were heated at 2°C/min (1st run), then cooled at the same rate down to 25°C (2nd run) 
and finally reheated at 2°C/min (3rd run). For a crystalline polymer, the 1st run shows the melting 
peak of the polymer. From this, the crystallinity degree (Xc %) of the polymer was calculated 
according to: 
𝑋𝑐 % = 100(∆𝐻𝑚1 ∆𝐻𝑚
°⁄ ) 
where ΔHm1 is the enthalpy of melting measured in the 1st run and ΔH°m the enthalpy of melting of 
totally crystalline PCL (ΔH°m = 139 J/g) [12]. The crystallization capability of the polymer (once 
melted in the 1st run) was evaluated as crystallizable fraction (CF %), calculated according to: 
𝐶𝐹 % = 100(∆𝐻𝑐 ∆𝐻𝑚1⁄ ) 
where ΔHc is the enthalpy of crystallization measured in the 2nd run. 
2.2.7 Cell Culture 
Biological assays were performed using a bone-marrow-derived human mesenchymal stem cell line 
(hMSC, PT-2501) obtained from Lonza. hMSC were cultured in a 75 cm2 cell culture flask in 
Eagle’s alpha minimum essential medium (α-MEM) supplemented with 10% fetal bovine serum, 
antibiotic solution (streptomycin 100µg/ml and penicillin 100U/ml, Sigma Chem. Co.) and 2x10-3 
M L-glutamin. The cells were incubated at 37°C in a humidified atmosphere with 5% CO2 and 95% 
air. 4-6 passages of hMSC were used for all experimental procedures. 
 28 
2.2.8 Cell Attachment 
The cell adhesion of hMSC onto electrospun fiber mats of PCL scaffolds with both micro- and 
nanofibers was evaluated using the vibrant cell adhesion assay kit (MolecularProbes). hMSC, 
cultured in a 75 cm2 cell culture flask, were washed with phosphate-buffered saline (PBS) and 
incubated with calcein AM stock solution to a final concentration of 5x10-6 M in serum-free 
medium for 30 min. After incubation, the cells were washed with PBS, trypsinized and the cell 
pellet was collected and diluted with culture medium to obtain the requisite cell concentration. 
hMSC were seeded onto electrospun fibers mats of PCL scaffolds and incubated for 4 h and 24 h. 
The fluorescence was quantified using a fluorescein filter set with a Wallac Victor3 1420 
spectrophotometer (Perkin-Elmer, Boston, MA). The percentage cell adhesion was obtained by 
dividing the corrected (background subtracted) fluorescence of adherent cells by the total corrected 
fluorescence of control cells and multiplying by 100%. Conventional polystyrene 24 well culture 
plates were used as a control. 
2.2.9 Cell Morphology 
To observe cell morphology, hMSC were seeded onto electrospun fibers mats of PCL scaffolds at 
1x104 and grown for 24 h. At the end of the incubation time, non-attached cells were removed by 
rinsing three times with PBS. Cell fixation was carried out in 4% formaldehyde in 0.1 M phosphate 
buffer solution (pH = 7.3), washed with PBS and then dehydrated in graded series of ethanol (25–
100%) and air dried. The samples without sputter-coating were examined by FESEM under low-
vacuum conditions (SEM, Quanta- FEG 200, FEI, Netherlands). 
2.2.10 Cell Viability 
Cell viability of hMSC (1x104 cells) plated in triplicate onto electrospun fibers mats of PCL 
scaffolds was checked by the MTT assay for 2, 4 and 6 d of culture. This assay is based on the 
ability of mitochondrial dehydrogenases of living cells to oxidize a tetrazolium salt (3-4,5-
dimethylthiazolyl-2-y-2,5-diphenyltetrazolium bromide) to an insoluble blue formazan product. The 
concentration of the blue formazan product is directly proportional to the number of metabolically 
active cells. The hMSCs seeded onto electrospun fiber mats of PCL scaffolds at the prescribed time 
were washed with PBS and incubated with fresh cultured medium containing 0.5mg/ml of MTT for 
4 h at 37°C in the dark. The supernatant liquid was then removed and dimethylsulfoxide (DMSO) 
was added to each well. After 60 min of slow shaking, the absorbance was quantified by 
spectrophotometry at 570 nm with a plate reader. The culture medium was renewed every day. 
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2.2.11 Statistical Analysis 
All numerical data are presented as mean ± standard deviation. All results were subjected to 
statistical evaluation using an unpaired Student’s t-test to determine significant differences between 
groups. The significance level was set at p<0.05. 
2.3 RESULTS 
2.3.1. Morphology and Image Analysis 
Different PCL fiber meshes from solutions with increasing solvent permittivity (i.e., 
CHCl3<THF<HFP<TFE, (see Table 2.1) [10, 11], were investigated. Figure 2.1 shows the effect of 
the imposed flow rate (0.1-0.5-1-3ml/h) on the final diameter of the fibers. In the case of 
PCL/CHCl3 solution, a fine weave of fibers was shown with an increasing fiber diameter as the 
flow rate increased (Figure 1A). A further increase in fiber diameter could also be detected as the 
polymer concentration switched from LC to HC configuration. 
In the case of PCL/THF solution, a different morphology of fibers was shown to be attributable to 
reduced control of fiber formation during the electrospinning process. The higher permittivity of 
THF solvent determines a higher sensitivity of the polymer solution to the electric field, so 
amplifying the occurrence of jet instability phenomena. Consequently, fibers with several beads 
were obtained independently on the imposed flow rate condition. The use of higher concentrations 
(THFHC) positively affected the cohesive forces among polymer chains, limiting the occurrence of 
instability phenomena, so that fine fibers meshes could be reached for higher values of flow rates. 
In the case of PCL/HFP and PCL/TFE solution, thinner fibers with an average fiber diameter on the 
nanometric scale were obtained. The higher permittivity values of HFP and TFE solution ensured 
stronger polar interactions among the polymer chains mediated by solvent molecules, but increased 
instability phenomena at lower flow rates, promoting the presence of several defects with 
uncontrolled morphology. Figures 2.1 B and C show a quantitative estimation of fiber size 
calculated by image analysis on selected SEM images. A marked increase in the fiber diameter was 
detected as the flow rate rose from 0.1 to 3ml/h. All trends in fiber size were substantially in 
agreement with SEM indications. A mean fiber diameter increasing from 1.32 ± 0.54 to 8.56 ± 0.73 
µm was observed as the flow rate increased. Although the calculation of mean fiber diameter as a 
function of flow rate has been performed by neglecting the presence of beads along the fibers, such 
defects often affect the measurements. 
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Figure 2.1: Evaluation of PCL fiber morphology from polymer solutions with different permittivity of solvent: A) SEM 
images of membranes using different polymer concentrations (i.e., LC, HC) and flow rates (i.e., 0.1, 0.5, 1, 3 ml/h); 
Estimation of fiber size as a function of flow rate via image of the scaffolds obtained from polymer solutions at low (B) 
and high (C) concentrations. 
The presence of beads appeared more evident in the case of polymer solutions with lower densities, 
ρ (e.g., THF) and higher χ (e.g., TFE) (Table 2.2) where efficient interactions among polymer 
chains mediated by solvents molecules are more limited.  
In response to this, a more accurate investigation (Figure 2.2) was focused on the comparison of 
samples at the same flow rate value, i.e., 0.5 ml/h, which was evaluated as optimal to minimize 
fiber defects. In Figure 2.2 B, a comparative analysis of PCL fiber morphology as a function of the 
solvent permittivity is reported for LC and HC samples, respectively. SEM images supported by 
image analysis showed that the mean fiber diameter decreased from 1.63 ± 1.09 to 0.10 ± 0.03 μm 
as the dielectric permittivity increased. A concurrent increase in fiber size from 0.24 ± 0.19 to 2.86 
± 0.31 μm was seen moving from lower (LC) to higher (HC) polymer concentration systems. The 
effect of solvent permittivity on fiber size was still compromised by the presence of fiber defects, 
which preferentially occurred in the case of LC solutions, due to the tendency of beads to form 
bridges between adjacent thin fibers. 
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Figure 2.2: Beaded vs. beadless PCL fibers: A) Scheme of microscopic polymer and solvent combination; B) Effect of 
solution permittivity and polymer concentration on the average fiber diameter of PCL electrospun membranes from 
SEM images; C) Quantitative estimation of fiber diameters by image analysis; D) Fiber crystallinity map from the 
evaluation of the I1442/I1419 vs. I1305/I1285 Raman intensity ratios. 
This effect is also apparent in the fiber size distribution of PCL fibers in Figures 2.3 (A–D), which 
show a comparison of selected samples (one for each solvent) with optimal fiber morphology. A 
wider distribution of fiber sizes was detected in THF and TFE solutions, i.e., in the solvents with 
the lowest density and highest χ values, respectively. There is also a clear reduction in mean fiber 
size in membranes spun from highly polar solvents (HFP, TFE), which were in the micrometer 
range, compared to those spun from solvents of low polarity (CHCl3, THF), where fiber sizes were 
of the order of a few hundred nanometers. 
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Figure 2.3: Fiber diameter distribution via image analysis of PCL membranes from low polarity, A) chloroform and B) 
THF, and highly polar solvents, C) HFP and D) TFE. 
2.3.2 Vibrational and Thermal Analyses 
The vibrational spectra of PCL have been widely investigated and various authors have tried to 
identify marker bands of PCL morphology and correlate their intensity with the crystallinity of the 
polymer. In Figure 2.2 D, the I1442/I1419 vs. I1305/I1285 Raman intensity ratio was reported to indicate 
the crystallinity of PCL fibers obtained from different polymer solutions. The samples from 
fluorinated solvents (TFE, HFP) showed the lowest I1305/I1285 and I1442/I1419 values, indicating the 
highest crystallinity. Samples from low polarity solvents (CHCl3, THF) had the highest I1305/I1285 
and I1442/I1419 values and were the least crystalline. These data also suggest an influence of polymer 
concentration on the fiber crystallinity as a function of the solvent polarity. An increase in 
crystallinity at increasing PCL concentration was detected for samples obtained from non-
fluorinated samples, whereas an opposite effect was generally recognized for the samples obtained 
from fluorinated solvents. A more detailed investigation of fiber crystallinity was performed 
through the comparison of PCL vibrational spectra related to fibers with different fiber size scales 
of micrometric and nanometric size, respectively. Figures 2.4 and 2.5 show the most significant 
Raman and IR spectra of the samples analyzed. The trend of the Raman spectra clearly indicated 
that the fibers obtained from fluorinated HFP and TFE solvents were more crystalline than those 
obtained from the other solvents. For the former samples, the bands assignable to crystalline PCL 
were observable with higher intensities than those of the latter. In the spectra of the fibers obtained 
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from HFP and TFE, the component at 1285 cm-1 appeared increased in intensity with respect to the 
1305 cm-1 band. Since the component at lower wavenumber is attributable to the CH2 wagging 
mode of crystalline PCL [13] while the other is due to the same mode in both amorphous and 
crystalline PCL [13], this spectral trend indicates a higher crystalline content in the polymer fibers 
obtained from fluorinated solvents. The same behavior was observed for the component at 1419cm-1 
(CH2 bending of crystalline PCL) [13], which resulted in increasing the intensity with respect to the 
1442 cm-1 band (CH2 bending of crystalline and amorphous PCL) [13]. The I1305/I1285 intensity 
ratio, which had already proved a valid marker of PCL crystallinity, was calculated [14, 15]. In the 
skeletal stretching region, the band attributable to crystalline PCL at 1110 cm-1 appeared intensified 
with respect to the component at 1095 cm-1 due to amorphous PCL [13] and more defined 
components at 1043 and 1035 cm-1 were observable. The 915 cm-1 band (νC-COO mode in crystalline 
PCL) [13] was also stronger. 
 
Figure 2.4: Raman spectroscopy of PCL micro- and nanofibers: A) Average Raman spectra; B) I1305/I1285; C) I1442/I1419 
intensity ratio obtained from CHCl3HC, THFHC, HFPLC and TFELC solutions. 
IR analysis generally confirmed the Raman data, although some discrepancies were observed 
between the results obtained by the two techniques. They can be explained by the fact that the two 
techniques are sensitive to different sampling areas. While the Raman spectrum gives information 
on the sample bulk, the IR spectrum recorded by the ATR technique is representative of the sample 
to a depth of 2 μm below the surface. The IR spectra reported in Figure 2.5 confirmed a general 
higher crystallinity of the samples obtained from fluorinated solvents. The 1100-1300 cm-1 spectral 
region (assignable to coupled modes variously associated with C-C-H and O-C-H bending 
vibrations, and C-C and C-O stretching vibrations) [16, 17] appeared to be the most sensitive to 
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morphology differences. Moving from non fluorinated to fluorinated solvents, the main band shifts 
from 1161 to 1166 cm-1, that is, to wavenumber values closer to crystalline PCL [17]. This band 
(mainly due to amorphous PCL) [17] also progressively decreased in intensity with respect to the 
higher wavenumber component at 1184cm-1, attributable to crystalline PCL [26]. The fibers 
obtained from fluorinated solvents showed higher intensity bands at 1293 and 1237 cm-1, in 
agreement with literature reports [17]. In the C=O stretching region, the spectra of the fibers 
obtained from fluorinated solvents showed a less broad profile in the lower wavenumber region, 
with no significant difference in the position of the band maximum being observed. For a 
quantitative evaluation, the area of the band at 1293 cm-1 (A1293) was calculated together with the 
I1160/I1184 intensity ratio. The trend for these spectroscopic markers is shown in Figures 2.5 (B, C). 
The A1293 value, an established marker of PCL crystallinity [17, 18], was on average lower for the 
samples obtained from non fluorinated solvents. The fibers obtained from non fluorinated solvents 
also showed lower average I1160/I1184 values than those obtained from fluorinated solvents, 
confirming the qualitative data reported above. It can be seen that, for samples obtained from 
CHCl3 and THF, an increase in polymer concentration resulted in an increase in A1293 (i.e., in 
crystallinity), while Raman data showed that the opposite effect was observed for fibers obtained 
from TFE (Figure 2.2 D). 
 
Figure 2.5: IR spectroscopy of PCL micro and nanofibers. A) Average IR spectra, B) A1293 band area and C) I1160/I1184 
intensity ratio obtained from CHCl3HC, THFHC, HFPLC and TFELC solutions. 
The spectroscopic data were confirmed by quantitative DSC studies on micro and nanofibers from 
HFPLC and CHCl3HC solutions, respectively (Table 2.3). Fibers obtained from HFPLC solutions 
showed a multi-component melting peak with maxima at about 55 and 62°C, indicating crystallites 
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of differing sizes. The fibers obtained from CHCl3HC showed a single melting peak at 54-56°C. 
After the second run, the latter sample showed a relatively broad crystallization peak at 39 °C, 
while fibers obtained from HFPLC solution showed significantly higher crystallization temperatures 
(42-43°C) and significantly sharper peaks. They also showed the lowest CF % values, indicating 
that not all the molten crystallites in the 1st run were able to crystallize. In the 3rd run, as in the 2nd 
run, fibers from CHCl3HC solution showed a broad melting peak (at ~55-60°C), while fibers 
obtained from HFP showed a sharp peak at 55°C. 
Table 2.3: Melting temperature (Tm), crystallinity degree (Xc), crystallization temperature (Tc) and crystallizable 
fraction (CF) as obtained from the DSC thermograms of micro- (CHCl3HC) and nano-(HFPLC) fibers. 
Fiber type Tm (°C) Xc (%) Tc (°C) CF (%) 
micro 56 46 ± 1 39 96 ± 1 
nano 55/62 50 ± 2 43 94 ± 1 
 
2.3.3 Biological Tests 
The effect of PCL fiber size scale and crystallinity on the biocompatibility of electrospun fiber mats 
was investigated by hMSC adhesion and proliferation tests on micro and nanotextured PCL 
scaffolds with optimal fiber morphology, CHCl3HC and HFPLC, respectively. SEM images of hMSC 
cultured after 4 and 24 h onto micro and nano electrospun fiber mats are reported in Figure 2.6 A. 
As can be clearly seen, cells contours were stretched in proximity to the fibers. hMSCs were 
dispersed and extended toward and along the lengths of the surface of both micro and nano-
electrospun fiber mats of PCL surface structures. The spread and growth of hMSC on the 
membranes showed good biocompatibility, with some filopodia and higher numbers of intercellular 
connections maintained through the filopodia. A significant coverage and spreading of cells was 
preferentially detected on nanofiber scaffolds, in agreement with the quantitative adhesion assay 
reported in Figure 2.6 B. This shows the percentage of cells attached to PCL micro and nano 
electrospun fibers, calculated on the assumption of full cell attachment in the plastic control, after 4 
h and 24 h of incubation. For nanofibers, after 24 h of cell culture, the percentage of adhered cells 
increased dramatically up to 90%. For microfiber electrospun mats, this value remained at ca. 70%, 
confirming the importance of the nanofiber morphology on hMSC interaction. Figure 2.6 C shows 
the absorbance of the MTT reagent reduction to (dark) formazan by viable cells on electrospun fiber 
mats of PCL. The absorbance data indicated that higher cell populations were formed over the same 
culture time on nanofiber mats compared to microfiber mats. All the data suggested good affinity 
and biocompatibility of the electrospun fibers mats of PCL for hMSC (p<0.05). 
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Figure 2.6: Effect of micro and nanostructure of fibers on the biological response of hMSC: A) SEM images of 
adherent hMSC after 24 h; B) attachment and C) hMSC viability essays on PCL micro and nanofibers, from CHCl3HC 
and HFPLC solution, respectively. 
2.4 DISCUSSION 
A critical interpretation of solvent microscopic properties (i.e., density, boiling point, permittivity) 
is crucial to the understanding of how molecular properties directly affect the electrospinning 
mechanism and indirectly influence some basic macroscopic solution properties, such as viscosity, 
surface tension and conductivity, which are themselves able to affect the mechanism of jet 
formation during the electrospinning processes. Several researchers have recently investigated the 
role of materials and process parameters on the spinnability of polymer systems by an extensive 
evaluation of the morphological properties of the resultant electrospun fibers [19, 20]. It has been 
demonstrated that an increase in polymer concentration generally produces an average increase in 
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fiber diameter coupled with a reduction in fiber defects (e.g., beads) [21]. Several trends observed 
in previous investigations [22] have been verified in this study. For example, increases in fiber 
diameter and bead size were apparent as feed rate increased. Polymer concentration also affected 
fiber size (Figures 2.1 and 2.2), as confirmed by the evident reduction in fiber size as polymer 
concentration decreased. Beaded PCL fibers may be more apparent in solutions with lower 
concentration, where the higher level of solvent molecules both reduces the incidence of chain 
entanglements and promotes bead formation. These examples indicate the pivotal role of solvent 
mediated interactions during the electrospinning process, yet only a few investigations have to date 
provided an analytical study of the effects of solvent properties on the mechanism of electrospun 
fiber formation. In response to this, we have provided here a comparative study of PCL electrospun 
membranes obtained from solutions with different solvent permittivity (CHCl3, THF, HFP and 
TFE). Quantitative image analysis on selected SEM images of identically processed PCL 
electrospun (Figures 2.1 and 2.2) clearly demonstrated a decrease in fiber size of up to an order of 
magnitude when moving from chloroform to fluorinated solvents, as the relative permittivity varies 
from 4.8 to 27.0 (at 25 °C). This may be directly ascribed to the relative permittivity, which is 
representative of the solvent polarity. Highly polar solvents, such as TFE and HFP, promote a 
higher net charge density in solution, producing enhanced stretching of fibers and therefore the 
formation of thinner fibers, as confirmed by SEM images (Figure 2.1). It is notable that, as the 
charges carried by the jet increased, higher elongation forces (i.e., electrostatic and Columbic 
forces) were produced by the electrical field forces during the jet formation, so increasing bending 
instability and the jet path [2]. As seen in previous studies [2], the use of polymer solutions with 
higher relative dielectric permittivity assures the creation of electrospun membranes with a 
narrower distribution of fiber diameters with an attendant reduction in bead formation (Figure 2.2). 
Fiber formation also involves a delicate balance of various physical parameters, such as solution 
density and boiling point, which may themselves influence concurrent physical phenomena 
including solvent evaporation and polymer phase crystallization. All these factors demand a well 
structured explanation, which has to take into account the interdependence among all the involved 
physical variables (Table 2.1). For example, low solvent density coupled with low permittivity (the 
THF solution case) promoted excessive chain mobility, limiting the occurrence of the chain 
interactions which guide the mechanism of fiber stretching. Fibers were therefore collected only 
with difficulty at lower flow rates and fibers (with several defects) were obtained only by imposing 
higher flow rates. The weak interactions among polymer chains also promoted the formation of 
secondary jets which erupted from the main jet during the electrospinning, explaining the wide fiber 
distribution observed (Figure 2.3). For chloroform and HFP solutions, higher solvent density 
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ensured more efficient packing of the polymer chains (the more viscous behavior of solution 
limiting chain sliding), thus drastically reducing the formation of beads along fibers. The high 
viscosity of the solution tended to discourage the breaking of the main jet into secondary jets, 
contributing to a more homogeneous distribution of fiber sizes. Chain mobility was also affected by 
polymer concentration, explaining the preferential occurrence of beads in less concentrated systems. 
In addition, the higher relative permittivity of HFP with respect to CHCl3 significantly affected the 
efficiency of solvent mediated interaction among polymer chains, leading to thinner fibers at sub-
micrometer scale (Figure 2.2). Finally, in the case of TFE solutions, the contribution of density and 
relative permittivity was also influenced by the solvent volatility and by the polymer/solvent 
thermodynamic affinity, expressed by the χ parameter (Table 2.2). In the case of TFE solutions, the 
higher boiling point prevented fast evaporation of solvent molecules which resided for a longer 
time, promoting the aggregation of free solvent molecules which tend to form beads during the 
electrospinning process. The tendency towards the partial demixing of the polymer solution due to 
sub-optimal thermodynamic coupling also catalyzed the formation of distributed defects along 
fibers. The modulation of fiber diameters as the polymer concentration changed (Figure 2.2) was 
also an indirect result of the variation of solution viscosity. Columbic and viscoelastic forces were 
also responsible for the formation of beads, supporting the thinning of the charged jet during its 
flight to the grounded target. Since the applied electrostatic field used to obtained PCL fibers was 
fixed (13 kV/14 cm), the increased viscoelastic force which characterized the more concentrated 
solution should prevent the jet segment stretching under the effect of the constant Coulomb force, 
resulting in fibers with larger diameters. This effect, coupled with the specific solvent mediated 
polymer macromolecular interactions due to the peculiar solvent microscopic properties (viz. 
permittivity) drastically affected the capability of polymer chains to fold and therefore influenced 
fiber crystallinity. It has been demonstrated that polar solvents with higher permittivity (i.e., TFE, 
HFP) in less concentrated solution (LC) promoted the formation of fibers with the lowest I1305/I1285 
and I1442/I1419 band intensity ratios, confirming the more pronounced crystalline state of the fibers. 
In contrast, apolar/low polarity solvents with low permittivity (i.e., CHCl3, THF) in more 
concentrated polymer solutions (HC) were able to form fibers with low crystallinity, confirmed by 
their high I1305/I1285 and I1442/I1419 values. 
In this work, we have verified that differences in the biological response to the electrospun 
materials studied in vitro are directly ascribable to the differences in fiber size and crystallinity, 
which in turn arise from the dielectric properties of the polymer solution. Recent studies of non-
fibrous substrates [23] report the heightened sensitivity of cell adhesion mechanisms to scaffold 
topography, also noting the adverse influence exerted by topological organization on proliferation, 
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due to the potential inhibition caused by other features of the materials (i.e., surface roughness, 
polymer crystallinity). In our biological study, a more drastic increase in cell attachment was 
detected after 24 h with nanofibers from HFPLC compared to microfibers from CHCl3HC (Figure 
2.6B). This is in complete agreement with several studies previously performed on micro and nano-
structured fiber meshes, which showed a significant improvement of hMSC adhesion in the case of 
nanofibrous architecture [24-26]. The scaffold architecture is very important and affects cell 
binding (Figure 2.7). The cells binding to scaffolds with microscale architectures flatten and spread 
as if cultured on flat surfaces. The scaffolds with nanoscale architectures have bigger surface area 
for absorbing proteins and present more binding sites to cell membrane receptors. The adsorbed 
proteins further can change the conformations, exposing additional binding sites, expected to 
provide an edge over microscale architectures for tissue generation applications [27]. However, 
viability on nanofibers from HFPLC solution did not show an equally significant rise after 2, 3 and 6 
d in culture (Figure 2.6 C). This may depend upon the balance attained between two conflicting 
influences on cell behavior, namely the extent of fiber curvature and the degree of crystallinity. It is 
recognized that a high specific surface area is generally enable to be more reactive to the adhesion 
ligands [28]. 
 
Figure 2.7: Scaffold architecture affects cell binding and spreading [27]. 
Other studies of poly(L-lactic acid) (PLLA) substrates indicated that cells proliferated more slowly 
on crystalline or smooth surfaces [29]. Our investigation here showed an evident improvement in 
cell adhesion ascribable to the nanoscale fiber recognition which is partially offset by the 
crystallinity contribution, as confirmed by proliferation data. It is therefore reasonable to conclude 
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that the choice of polymer solution with tailored dielectric properties allows the modulation of the 
influence upon the adhesion and/or proliferation kinetics of hMSC due to the effect of solvent 
permittivity on fiber morphology (i.e., size scale) and macromolecular assembly (i.e., crystallinity). 
It is also important to consider factors relating to the electrospinning process itself, which could 
further affect the macromolecular organization of polymer chains and therefore the final cell 
response. Besides, the investigation of biocompatibility provides only a preliminary indication of 
cell/material interaction mechanisms (adhesion and proliferation) pertaining to the early biological 
function of hMSCs.  
2.5 CONCLUSION 
The objective of this work was to examine the effect of solvent permittivity on the fiber 
morphology of PCL electrospun membranes for tissue engineering applications. We have presented 
a study oriented to predict the electrospinning mechanisms imposed by the proper selection of 
polymer/solvent coupling and process parameters in order to control the final morphology of 
membranes to be used for tissue engineering. Examination of the interplay between the various 
factors involved, including the dielectric constant and other solution properties (e.g., density, 
boiling point, solubility parameter) relating to the solvents used (CHCl3, THF, HFP and TFE) 
indicated that the coupling of polymer and solvent components can drastically affect the final 
morphological appearance of electrospun fibers in terms of fiber size scale and bead formation. The 
results presented here suggest that solvents with different permittivity play an active role in polymer 
chain folding during the fiber deposition, thus affecting the fiber crystallinity. The responses of 
hMSC on PCL fibers with different fiber mesh scale and crystallinity ultimately confirmed that the 
dielectric properties of the polymer solution were fundamental to the design of PCL electrospun 
membranes. By adopting a particular fiber morphology (i.e., size scale) and mode of assembly of 
polymer chains (i.e., crystallinity), it is possible to influence the adhesion and/or proliferation 
kinetics of cells, ultimately determining the course of their differentiation process. 
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CHAPTER 3 
Influence of Gelatin Cue in PCL Electrospun Membranes 
 
 
3.1 INTRODUCTION 
Tissues and human organs are usually composed of diverse cells types and extracellular 
components that provide specific tissue functions. The cells, together with the extracellular matrix 
(ECM), arrange and organize to form an elaborate and hierarchical structured order. The resultant 
structure is compatible with the execution of multi-scale functions, including regulation of cellular 
activity by soluble bioactive molecules, cell to cell direct contact, and cell-ECM interactions [1, 2]. 
The use of temporary platforms which are able to recapitulate all basic ECM functions allows the 
formation of a temporally coordinated and spatially organized structure [3] which simultaneously 
provides: (a) the required cell anchorage sites, (b) mechanical stability, and (c) structural guidance. 
It guarantees the availability of active interfaces which are able to respond to local physiological 
and biological changes, and to remodel the ECM in order to integrate with the surrounding native 
tissue [4]. 
The native ECM may be considered as a composite-like structure comprising proteoglycans and 
fibrous proteins, such as collagens, finely assembled to form multi-fibrillar structures which are 
highly organized into a mesoscopic 3D fiber network [5]. In the previous chapters it has been 
shown that by electrospinning technique it is possible to produce engineered platforms which afford 
effective biomimesis of the native ECM [6–9] exerting the architectural control (geometry, 
morphology, or topography) by a fine manipulation of system and process parameters. In particular, 
in Chapter 2, poly(ε-caprolactone) (PCL), a synthetic biodegradable aliphatic polyester with good 
chemical stability and mechanical performance [10, 11], was electrospun to develop of micro- 
and/or nanostructured systems and tested with hMSC cells. 
However, it has been reported that, natural biopolymers show a higher cell affinity compared to 
synthetic polymers which have a relative lack of cell recognition sites on the surfaces [12]. This 
limits the control of scaffold morphology, imparting morphological features on the micro-scale, 
promoting specific events at the cellular and tissue levels, which are necessary to restore the lost 
functionality of diseased tissues [13]. On the other hand, biopolymers show some mechanical 
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inadequacies, due to the chemical modification of chain spatial conformation and fast degradation. 
For example, Zhang et al. [14] found that pure gelatin, when used as an electrospun scaffold, can 
rapidly dissolve and disappear under normal cell culture conditions. Several different methods have 
been explored to crosslink the electrospun gelatin fibers, using a variety of crosslinking agents 
(glyceradehyde [15], genepin [16] and glutaraldehyde [17]). However, this approach is limited due 
to the toxic effects of the crosslinking agents used [17]. Alternatively, the mixing of biopolymers 
with other synthetic polymers may offer a compromise solution for overcoming the main 
deficiencies of synthetic and natural polymers [18]. 
Thus, in order to get an improved cellular response, in the first part of this study, electrospun fibers 
have been produced with a fine tuning of system and process parameter by mixing a synthetic 
polymer, PCL, with a natural protein, gelatin. Membranes were then morphologically and 
physically characterized in order to verify the proper inclusion of the protein into the fibers.  
In the second part, a comparative study about the contribution of gelatin to cell-material interaction 
was made in two different 2D substrates. PCL/Gelatin platforms, both as electrospun membranes 
and casted films, were investigated systematically to identify and define the contributions of 
individual morphological and biochemical cues on human mesenchymal stem cell (hMSC) 
response. 
In the third part, the potential of the electrospinning process to create substrates for use as 
alternative scaffolds for nerve regeneration has been explored by investigating the interaction of 
PCL and PCL/Gelatin membranes with Rat adrenal pheochromocytoma (PC-12) cell line, extracted 
from a transplantable tumor arising from adrenal medulla [19, 20], able to develop neurite like 
processes [21-24]. The latter trait has been confirmed in several studies that use PC-12 cells as the 
standard model for studying the signaling regulation pathways of cell survival, proliferation, and 
neuronal differentiation [25-27]. In this work, scaffold biocompatibility and neuronal differentiation 
have been evaluated by neurite outgrowth, and the expression of neuronal markers by cells 
culturing on the electrospun scaffolds in vitro has been assessed to indicate the potential of these 
bicomponent membranes to be used as material for nerve repair.  
3.2 MATERIALS AND METHODS 
3.2.1 Materials 
PCL pellets (Mw 65,000) and gelatin of type B (~ 225 Bloom) from bovine skin in powder form, 
were all purchased from Sigma–Aldrich (Italy). 2,2,2-Trifluoroethanol (TFE) and 1,1,1,3,3,3-
hexafluoro-2-propanol (HFP) were supplied by Fluka (Italy). All products were used as received 
without further purifications. 
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3.2.2 Preparation of PCL/Gelatin Electrospun Membranes 
PCL and gelatin were separately dissolved in HFP by magnetic stirring at 25°C overnight. After 24 
h stirring, both solutions were then combined to form a single solution in HFP (0.1 g/ml) with a 1 : 
1 PCL/Gelatin weight ratio. 
The solution was dispensed from a 5 ml syringe (BD Pastipack) connected to a hypodermic needle 
(18 Ga). Different working parameters were selected to optimize the final morphology of fibers: a 
high voltage of 13 kV was applied to the needle (ES30-Gamma High Voltage Research, USA), 
capable of generating DC voltage in a range of 0-30 kV with a power of 5W and a maximum output 
current of 166 mA. The feed rate of the syringe pump was set at 0.5 ml/h to stabilize the mass flow, 
also minimizing all jet instabilities. An aluminum plate 120x120x3 mm was placed 140mm from 
the needle tip to collect the fibers. All the membranes were prepared by using a suitable deposition 
time to obtain membrane thickness ranging from 150 to 200 μm. In addition, electrospun 
membranes prepared from PCL solution in HFP (0.1 g/ml) were prepared as control. For 
degradation and biological test with hMSC, also solvent casted films were prepared as controls. 
PCL and gelatin were dissolved in TFE at 25°C overnight, to obtain a 7% (wt/v) solution, with a 1 : 
1 PCL/Gelatin weight ratio. Solutions were poured into specially designed Teflon molds and kept 
overnight under the fume hood to allow the TFE to evaporate slowly. The surface morphology of 
films was investigated by SEM. 
3.2.3 Electrospun Scaffold Characterization 
The morphology of fibrous scaffolds was studied by scanning electron microscopy (SEM; Quanta 
FEG 200, FEI, The Netherlands) under high vacuum conditions (~10-5 Mbar) using an accelerating 
voltage of 14 kV. To improve the sample conductivity, scaffolds received a preliminary coating of a 
Pd-Au nanolayer, using a sputter coater (Emitech K550, Italy). The diameter of the fibers was 
measured from selected SEM micrographs (n = 5) by using open source image analysis software 
(Image J v.3.7; National Institutes of Health, U.S.A.). 
For the determination of scaffolds wettability, the contact angle of electrospun scaffolds was 
measured by a water contact angle system (WCA) supported by videocam equipment (OCA20 
Dataphysics, Italy). Five measurements with a single droplet (volume, 5 μl) were used for each test. 
All measurements were performed at time zero to eliminate any influence of subsequent perfusion 
flow through the membrane. Contact angle size was reported as mean ± standard deviation. 
Furthermore, thermogravimetric (TG) analyses (TA Instruments, Q500, U.S.A.) were performed on 
the PCL/Gelatin membranes to estimate the blending ratio in comparison with PCL and gelatin used 
as controls. The samples were preliminary dried under vacuum condition for 2 h at 37 °C. Weight 
loss measurements were performed under a nitrogen atmosphere from 40 to 600 °C at 10 °C/min. 
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The gelatin content in PCL/Gelatin membranes was detected as the weight loss ratio occurring 
around 300 and 400 °C, respectively, related to the thermal degradation of gelatin and PCL, 
respectively. 
3.2.4 Degradation Studies 
Films and electrospun nanofiber mats of PCL and PCL/Gelatin scaffolds were incubated in Eagle’s 
alpha minimum essential medium (α-MEM). The morphology changes were followed by SEM after 
1, 3, and 6 days of incubation. The films and nanofibrous mats of PCL and PCL/Gelatin were 
characterized by infrared (IR) spectroscopy (Spectrum 100, PerkinElmer, Italy). All spectra were 
taken in the range between 3800 and 1000 cm-1 at 4 cm-1 resolution, averaging 144 scans. 
For gelatin protein detection in the films and nanofibers, the membranes were incubated at 4°C 
overnight in a 1 : 300 dilution of rabbit (IgG) polyclonal antibody against collagen type I in 
phosphate buffer saline (PBS) containing 2 mg/ml of bovine serum albumin. The scaffolds were 
then washed twice with ice-cold PBS plus 0.01% Triton X-100 for 10 min and incubated for 1 h 
with goat-anti-rabbit immunoglobulin secondary antibodies conjugated with fluorescein 
isothiocyanate (3 mg/ml, Sigma Chemical, St. Louis, MO), diluted 1 : 50 in PBS, and rinsed with 
PBS plus 0.01% Triton X-100; the immunostaining was visualized by laser scanning confocal 
microscopy (LSCM; LSM510, Carl Zeiss). 
3.2.5 hMSC Cells Cultures 
Samples were cut into a dish shape for biological characterization. Prior to the biological assays, 
PCL and PCL/gelatin electrospun scaffolds and films were sterilized by immersion in 70% of 
ethanol (v/v) with antibiotic solution (streptomycin 100 μg/ml and penicillin 100 U/ml) for 30 min, 
washed with phosphate-buffered saline (PBS) three times, and air dried. 
Biological assays were performed using hMSC line obtained from LONZA. The hMSCs were 
cultured in 75 cm2 cell culture flask in α-MEM supplemented with 10% fetal bovine serum, 
antibiotic solution (streptomycin 100 μg/ml and penicillin 100 U/ml, Sigma-Aldrich, Italy) and 
2mM L-glutamin. The hMSC (4-6 passages) were used for all the experimental procedures and 
incubated at 37°C in a humidified atmosphere with 5% CO2 and 95% air. 
3.2.6 hMSC Cells Adhesion 
The hMSCs were seeded (1x105) onto films and electrospun nanofiber scaffolds of PCL and 
PCL/Gelatin, placed in 24-cell culture plates, and allowed to adhere in standard cell culture for 4 
and 24 h. After the specific time periods, substrates were rinsed three times using PBS to remove 
the unattached cells. Evaluation of cell attachment was performed according to Hayman et al. [28]. 
The adherent cells were fixed with 4% paraformaldehyde and incubated with 0.1% toluidine blue 
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for 3 h. The dye was extracted with 0.1% of sodium dodecyl sulfate and the optical absorption was 
quantified by spectrophotometry at 600 nm (Wallac Victor3 1420, PerkinElmer, Boston, MA). 
Conventional polystyrene 24-well culture plates were used as a control. Cell adhesion experiments 
were conducted in triplicate and repeated at least three times. 
3.2.7 hMSC Cells Morphology 
The spreading pattern interaction of the hMSC onto films and electrospun nanofiber scaffolds of 
PCL and PCL/Gelatin was evaluated by LSCM after 24 h of cell culture. The hMSC cultures onto 
films and nanofibers membrane scaffolds were fixed with 4% paraformaldehyde, rendered 
permeable with PBS containing 0.1% Triton X-100. For actin cytoskeleton, the cells were incubated 
for 30 min at room temperature with 1 : 1000 dilution of tetramethyl rhodamine iso-thiocyanate-
conjugated phalloidin. The scaffolds were then washed with PBS to remove unbound phalloidin 
conjugate and visualized by LSCM. For SEM analysis, the scaffolds were washed three times with 
PBS, fixed with 4% formaldehyde for 1 h and then dehydrated with a graded series of ethanol (25–
100%) and air dried. The samples without chromium sputter-coating were examined by FESEM 
under low vacuum conditions. 
3.2.8 hMSC Cells Viability 
For cell viability, the hMSC (1x104) were plated in triplicate onto films and electrospun nanofibers 
of PCL and PCL/Gelatin and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) 
assayed after 2, 4, and 6 days of culture. This assay is based on the ability of mitochondrial 
dehydrogenases of living cells to oxidize a tetrazolium salt (3-[4, 5-dimethylthiazolyl-2-y]-2,5-
diphenyltetrazolium bromide) to an insoluble blue formazan product. The concentration of the blue 
formazan product is directly proportional to the number of metabolically active cells. The hMSCs 
seeded onto films and electrospun nanofiber mats of PCL and PCL/Gelatin were washed with PBS 
and incubated with fresh cultured medium containing 0.5 mg/ml of MTT for 4 h at 37°C in the 
dark. The culture medium during experimental time was daily changed with fresh media. The 
supernatant then was removed and dimethyl sulfoxide (DMSO) was added to each well. After 60 
min of slow shaking, the absorbance was quantified by spectrophotometry at 570 nm with a plate 
reader. Cell viability experiments were conducted in triplicate and repeated at least three times. 
3.2.9 PC-12 Cells Culture 
Following a preliminary screening of polymeric substrates with hMSC cells, the interaction of rat 
pheochromocytoma PC-12 cells with electrospun membranes has been evaluated. PC-12 cells were 
kindly donated by the group of Dr. Cerchia Laura (Istituto per l’Endocrinologia e l’Oncologia 
Sperimentale del CNR Gaetano Salvatore, Naples, Italy). The cells were cultured in a 75 cm2 cell 
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culture flask in RPMI 1640 medium, supplemented with 10% horse serum, 5% fetal bovine serum, 
antibiotic solution (streptomycin, 100 μg/ml, and penicillin, 100 U/ml, Sigma Chem. Co), and 2 
mM L-glutamin and incubated at 37°C in a humidified atmosphere with 5% CO2 and 95% air. PC-
12 cells in culture were obtained by 10-12 passages for all the experiments. 
3.2.10 PC-12 Cells Adhesion 
PC-12 cells were seeded at 2x104 onto PCL and PCL/Gelatin nanofiber scaffolds, placed in 24-well 
culture plates and allowed to adhere in standard cell culture for 4 and 24 h. After the prescribed 
time period, substrates were treated as described in par. 3.2.6. Conventional polystyrene 24-well 
culture plates were used as a control. Cell adhesion experiments were conducted in triplicate and 
repeated at least three times.  
3.2.11 PC-12 Cells Viability 
Cell viability of PC-12 cells plated at a concentration of 2x104 onto PCL and PCL/Gelatin nanofiber 
scaffolds were checked by the MTT assay at 2, 4, and 6 days of culture as described for hMSC cells 
culture. During the experiment, the culture medium was changed every two days with fresh media 
and all viability experiments were conducted in triplicate and repeated at least three times. 
3.2.12 PC-12 Cells Differentiation 
For an in vitro differentiation assay, PC-12 cells at a concentration of 2x104 were seeded onto PCL 
and PCL/Gelatin nanofiber scaffolds, placed in 24-well culture plates, and cultured with RPMI 
1640 medium with 1% of horse serum and 50 ng/ml of neuronal growth factor. Control culture 
scaffolds were grown in RPMI 1640 medium with 1% of horse serum in the absence of 
neurotrophic factor. Cells on nanofiber scaffolds were assayed as described below. 
3.2.13 Detection of the Neurite Marker 
PC-12 cell differentiation cultures on nanofiber scaffolds grown in the presence of NGF and control 
medium for 6 days were characterized by reverse transcription polymerase chain reaction (RT-PCR) 
for gene expression of neurite marker. Total RNA was isolated from cell scaffolds using TRI 
reagent (SIGMA). The RNA was precipitated with isopropyl alcohol and the final pellet 
resuspended in DEPC-water and DNase I digested (Invitrogen Carlsbad, CA) to remove 
contamination of the genomic DNA. The absorbency at 260/280 nm was measured to determine the 
RNA concentration. An aliquot of 1 μg of total RNA was used to perform a one-step RT-PCR 
reaction (Invitrogen Carlsbad, CA) according to the manufacturer’s protocol. In summary, the 
cDNA synthesis program was 1 cycle at 60 °C for 30 min followed by a denaturation cycle of 94 °C 
for 2 min. cDNA was amplified at 94 °C for 30 s, 60 °C for 1 min, and 72 °C for 1 min for 35 
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cycles in a thermal cycler (Applied, Biosystem). We used previously published neuronal growth-
associated protein (GAP-43) primer sequences that result in a PCR product of 708 base pair (bp); 
that covers the entire coding region of rat GAP-43 [29]. The primers were as follows: upstream, 5′-
tgctgtgctgtatgagaagaacc-3′, and downstream, 5′-ggcaacgtggaaagccgtttcttaaagt- 3′. Rat 
glyceraldheyde-3-phosphate dehydrogenase (GAPDH) primers used as positive controls were as 
follows: upstream, 5′- tccaccaccctgttgctgta-3′, and downstream, 5′-accacagtccatgccatcac-3′. 
Reaction products were separated using gel electrophoresis on 1.2% agarose gel, stained with 
ethidium-bromide. Bands were visualized using ultraviolet illumination and captured with BioRad 
Imaging System (BIORAD). Image density of amplified GAP-43 marker products was quantified 
and was represented as a ratio of the respective PCR product/GAPDH PCR product.  
3.2.14 Immunostaining of Neurite Outgrowth Marker GAP-43 
PC-12 cell cultures on nanofiber scaffolds grown in the presence of nerve growth factors (NGF) for 
6 days were fixed with 4% paraformaldehyde and permeabilized with PBS containing 0.5% Triton 
X-100. Cells were incubated at 4 °C overnight in a 1:300 dilution of the rabbit (IgG) polyclonal 
antibody against rat GAP-43 in PBS containing 2 mg/ml of bovine serum albumin (BSA). 
Nanofiber scaffolds were washed with ice-cold PBS for 10 min at room temperature and incubated 
for 1 h at 4 °C with goat-antirabbit immunoglobulin secondary antibody conjugated with FITC (3 
mg/ml, Sigma Chemical, St. Louis, MO), diluted 1:50 in PBS. Nanofiber scaffolds were rinsed with 
PBS plus 0.1% Triton X-100 and coverslipped in glycerol-PBS (1:9 v/v) containing 20 mg/ml of 
1,2-diazabycyclo (2.2.2) octane (DABCO; thriethylenediamine). Immunoassaying was visualized 
by confocal laser scanning microscopy (LSM510, Carl Zeiss). Nanofiber scaffolds incubated in the 
absence of the first antibody were used as negative controls. The number of differentiated PC-12 
cells was determined by visual examination of three fields per sample and counting cells that had at 
least one neurite with a length equal to cell body diameter and expressed as a percentage of the total 
PC-12 cells in the field. Neurite outgrowth was studied from selected LSCM micrographs. All the 
neurite extensions with a length equal to cell diameter were considered, and the neurite length was 
calculated as a linear distance that connects the neurite end part and the cell body in the neurite 
junction. 
3.2.15 Statistical Analysis 
All numerical data are presented as mean ± standard deviation. All results were subjected to 
statistical evaluation using an unpaired Student’s t-test to determine significant differences between 
two groups. The significance level was set at p <0.05. 
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3.3 RESULTS 
Figure 3.1 shows the SEM micrographs of random electrospun PCL and PCL/Gelatin membranes. 
Several differences in terms of fiber morphologies have been detected. Membranes from PCL 
solution exhibited a fibrous morphology with the presence of few beads along the fibers on the 
submicrometric scale (Figures 3.1 A and C).  
 
Figure 3.1: SEM images of PCL (A-C) and PCL/Gelatin (B-D) at different magnification, scale bars 2 µm (A, B) and 
400 nm (C, D). 
This has been confirmed by the estimation via image analysis, which gives a fiber diameter equal to 
0.114 ± 0.028 μm. In contrast, membranes from PCL and Gelatin solution at the same 
concentration, obtained by the same process parameters, show defect-free, randomly oriented 
nanofibers (Figures 3.1 B-D) characterized by a higher fiber diameter of 0.548 ± 0.140 μm. 
Measurements of the contact angle by water droplet have been performed to estimate the wettability 
of proposed membranes because wettability is a prerequisite for proper material recognition by cells 
and, thus, effective adhesion to the substrate. Figure 3.2 shows the droplet profiles at zero time on 
PCL (left) and PCL/Gelatin (right) electrospun nanofibers with optimal morphology. As it is clearly 
shown in Figure 3.2, PCL/Gelatin materials show a lower contact angle, 55.0 ± 7.7°, than that for 
PCL-only samples, 103.0 ± 7.8°. This confirms the higher hydrophilic behavior of the PCL/Gelatin 
membranes, directly ascribable to the presence of protein cue. 
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Figure 3.2: Wettability measurements on (left) PCL and (right) PCL/Gelatin membranes: droplet profiles and contact 
angle evaluation (marked by yellow arrows). 
Therefore, TG measurements (Figure 3.3) were carried out to verify the gelatin content after the 
electrospinning process. By the evaluation of the weight loss with respect to the total weight of the 
sample, a gelatin amount of 40% has been estimated. This value is also affected by the presence of 
residual products related to the gelatin degradation over 600 °C, about 10 wt %, which proves the 
preservation of the theoretical PCL/Gelatin weight ratios (50/50 w/w) after the electrospinning 
process. This is also in agreement with the evaluation of weight losses at 100 °C due to the bound 
water molecules. In the case of PCL/Gelatin membranes (plain line), the water content loss is down 
by half in comparison with the gelatin control (dotted line), therefore, confirming the presence of 
about 50 wt % of gelatin into the bicomponent membrane.  
 
Figure 3.3: Evaluation of gelatin content by thermogravimetric analysis: thermograms of PCL/Gelatin membrane (plain 
line), PCL (dotted line), and gelatin (point-dot line) controls. 
Once optimized the morphology of PCL/Gelatin electrospun membranes and verified the presence 
of the protein cue inside fibers, a comparative study with PCL and PCL/Gelatin casted film has 
been performed in terms of degradation kinetics and cells response in order to highlight the 
different contributions due to topographical and biological signals. 
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The SEM micrographs of PCL films and fiber electrospun membranes are shown in Figure 3.4. The 
PCL films have circular closed pores with an average size of 12.57 ± 1.80 µm, homogenously 
distributed on the surface (Figure 3.4 A). Smaller pores are detectable along the inner pore surface 
as well as in the intra-porous domains (Figure 3.4 C). This regular organization of pore architecture 
was ascribable to the evaporation mechanism, which in turn was affected by a combination of the 
polymer concentration and solvent evaporation properties. PCL electrospun fibers have been shown 
in (Figure 3.4 B) and in the images at higher magnification (Figure 3.4 D).  
 
Figure 3.4: SEM images of PCL films (A–C) and nanofiber sheets (B–D).  
SEM micrographs of PCL/Gelatin films and fibrous electrospun membranes are shown in Figure 
3.5. In PCL/Gelatin films, porous PCL-rich domains coexist with the non-porous domains that 
contain bulk gelatin. The PCL/Gelatin films have smaller pores – average size of 5.19 ± 1.67 µm 
(Figure 3.5 C) – than the PCL films, due to the gelatin on the removal of TFE from the PCL matrix 
during the evaporation. The PCL and gelatin fibers membranes are reported in Figures 3.5 B-D. 
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Figure 3.5: SEM images of PCL/Gelatin films (A–C) and nanofiber sheets (B–D). 
Films and fiber sheets of PCL/Gelatin were cultured for 6 days to study the effect of degradation of 
gelatin in aqueous medium on the morphology of proposed systems. The SEM images of the 
morphological evolution of films (up) and fibers (down) at different incubation times are shown in 
Figure 3.6. A rapid depletion of gelatin from the films with the formation of crossing pores was 
observed after 3 days. In contrast, the morphology of the fiber network did not appear to be altered 
after 6 days of incubation. After 1 day, by increasing the roughness of the fiber surface, a slight 
degradation of gelatin was detected on the fibers at higher magnification. 
 
Figure 3.6: SEM images of PCL/Gelatin films (up) and fiber sheets (down) after incubation in α-MEM up to 6 days. 
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These results were validated by estimating the gelatin content in the films and fiber sheets during 
the incubation in α-MEM for 0, 1, 3 and 6 days by ATR-FTIR (Figure 3.7). At day 0, IR spectra 
(Figure 3.7 (a) and (e)) show all the main characteristic peaks of the protein – at ca. 1650 cm-1 
(amide I) and 1540 cm-1 (amide II) – corresponding to the stretching vibrations of C=O bond, the 
bending of N–H bond and the stretching of C–N bonds, respectively [30]. Other characteristic bands 
of amide groups of gelatin, N–H stretching at 3310 cm-1 (amide A) and C–H stretching at 3068 cm-1 
(amide B), were detected. After day 1, the peaks had almost disappeared in the case of films, while 
in the case of fibers, the peaks were only partially reduced, even after 6 days. 
 
 
Figure 3.7: IR spectra of PCL/Gelatin films (a-d) and fiber sheets (e-h) after (a, e) 0, (b, f) 1, (c, g) 3 and (d, h) 6 days 
of incubation in α-MEM. 
 54 
The presence of gelatin molecules, after conditioning in protein-free medium, was confirmed by the 
detection of protein using a polyclonal antibody against collagen type I. The LSCM images (Figure 
3.8) clearly show the gradual degradation of the gelatin during incubation by the progressive 
decrease in the fluorescence signal produced; this was observed for bicomponent films and 
nanofibers during the first 6 days of culture. A drastic decay of the fluorescent signal was detected 
in those films where it was possible to clearly recognize the reduction in size of gelatin domains as 
the incubation proceeded. In contrast, only a slight reduction of signal was observed in the case of 
PCL/Gelatin nanofibers, thus confirming that a large amount of gelatin was still present in the 
membrane at day 6. The evaluation of the cross-reaction of the antibody performed on films and 
nanofiber sheets of PCL, as negative controls, showed no signal, confirming that gelatin was the 
source of the fluorescent signal. 
 
Figure 3.8: Detection of gelatin labeled by polyclonal antibody: LSCM images at different incubation times. 
The effect of gelatin degradation was also analyzed in terms of biocompatibility and bioactivity 
response. A quantitative cell-binding measurement of cell adhesion was performed by colorimetric 
assay. Different propensities were exhibited by hMSCs to adhere to films and to electrospun 
membranes (Figure 3.9 A). After incubating for 4 and 24 h, the PCL/Gelatin platforms had a greater 
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MSC attachment in comparison with PCL platforms (p<0.05), with fiber sheets showing better 
adhesion than films in both cases. The adhesion of mesenchymal cells was similarly affected by 
chemical and morphological signals, although the more significant contribution may be ascribed to 
the platform fiber nanotexturing. Greater hMSC spreading on the PCL/Gelatin nanofibrous scaffold 
was detected after 24 h by SEM, in comparison with PCL, PCL/Gelatin and PCL films, 
respectively, in Figure 3.9 B. The hMSC cells had an elongation of shape after 24 h on PCL 
membranes, similar to the cells on PCL films. In contrast, cells with typically spindle or star-like 
shapes have been observed in the case of hMSC seeded onto PCL/Gelatin scaffolds. After 24 h, the 
hMSCs formed focal contacts and spread well on all the proposed materials, extending actin fiber to 
varying degrees (Figure 3.9 C). hMSCs had a more globular shape and less cell spreading on PCL 
films compared with the more elongated shape of the hMSCs on PCL/Gelatin film. On the other 
hand, on nanofiber scaffolds, hMSCs were significantly flattened, and typically spread with a 
spindle or star-like shape morphology. The extension of actin to form microfilament bundles could 
be clearly distinguished on bicomponent nanofibers. 
 
 
Figure 3.9: hMSCs attachment on PCL and PCL/Gelatin films and fiber sheets: (A) adhesion via colorimetric assay; 
cell morphologies obtained by FESEM (B) and LSCM (C) images after 24 h for films (left) and electrospun fibers 
(right);  
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The mesenchymal cells viability on all platforms after 2, 4, and 6 days of culture were evaluated by 
the MTT assay. The formazan absorbance confirmed hMSC growth, on films and nanofibers of 
PCL and PCL/Gelatin scaffolds, indicating good proliferation without any cytotoxic response 
(Figure 3.10). At day 2, a higher growth rate was observed for the bicomponent samples compared 
to PCL alone (p<0.05) in both architectures. Since the level of reduction of MTT to formazan is 
directly proportional to the cell number, the cell density on the surfaces increased with time. A 
greater increase was noted in the case of electrospun nanofibers of PCL and PCL/Gelatin mats 
compared to films, confirming the synergistic contribution of chemical cues from gelatin and the 
previously noted tendency of nanoscale fibers to favor the replicating capacity of hMSC. 
 
Figure 3.10: hMSC viability on PCL and PCL/Gelatin films and fiber sheets. 
All reported data confirmed the slower degradation kinetics and the better biological response for 
both PCL and PCL/Gelatin electrospun membranes in comparison with casted films. Hence further 
investigation on the interaction with PC-12 cells was carried out only by using electrospun 
membranes in order to develop and optimize promising platforms for peripheral nerve regeneration. 
Figure 3.11 shows the results of the colorimetric adhesion assay expressed as percentage of 
adherent PC-12 pheochromocytoma cells onto the PCL and PCL/Gelatin electrospun membranes 
nanofiber surface, determined at 4 and 24 h of culture with respect to the positive control. PC-12 
cells were found to attach more readily and efficiently to the PCL/Gelatin than PCL electrospun 
membranes (p < 0.05), suggesting that the presence of gelatin help to improve the response of the 
PC-12 cells to the nanofiber membranes (Figure 3.11). For the PCL/Gelatin nanofiber membranes 
surface the cellular attachment is clearly enhanced attaining up to 57 and 130% more cells than 
control. Meanwhile for PCL nanofiber membranes surface the cellular attachment of PC-12 cell 
remains around 40 and 100%. 
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Figure 3.11: Quantitative cell adhesion of PC-12 pheochromocytoma cells seeded onto PCL and PCL/Gelatin 
electrospun membranes after 4 and 24 h of culture; expressed as the percentage of attached cells in comparison with the 
plastic-positive control. Asterisk denotes significant differences (p < 0.05) from PCL/Gelatin scaffold as compared to 
PCL as determined by Student’s t-test. 
Optical images highlight the spatial distribution of PC12 over the PCL (Figure 3.12 A) and 
PCL/Gelatin (Figure 3.12 B) membranes while SEM images provide to show size and cell shape. In 
particular, PC-12 cells on PCL nanofiber membranes tend to form aggregates (Figure 3.12 A) with 
rounded shape, indicating a not complete adhesion of cells. Otherwise, PC-12 cells on the 
PCL/Gelatin electrospun membranes appear more homogeneously distributed, showing a more 
flattened morphology with visible filopodia and focal adhesion points (Figure 3.12 B), which 
confirm the highest tendency of cells to adhere and to spread on the substrate. 
 
Figure 3.12: Optical micrographs of the distributions of PC-12 pheochromocytoma cells after 24 h of cell culture 
staining with toluidine blue onto PCL (A) electrospun membranes and onto PCL/Gelatin (B) electrospun samples. SEM 
images of the morphological appearance of PC-12 cells after 24 h of cell culture on PCL (up) and PCL/Gelatin (down) 
membranes. 
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MTT assay was carried out to evaluate the viability of PC-12 pheochromocytoma cells onto the 
PCL and PCL/Gelatin electrospun membranes nanofiber surface. MTT assay involves a reduction 
reaction that reduces MTT reagent to formazan when incubated with viable cells; providing 
information about cell growth and metabolic activity of cells. Thus, the level of reduction of MTT 
to formazan can reflect the level of cell metabolism. Figure 3.13 shows the time course of formazan 
accumulation for PC-12 cells proliferation on PCL and PCL/Gelatin electrospun membranes after 2, 
4, and 6 days of culture. We found a high level of MTT conversion, indicating that the PC-12 cells’ 
viability rate was significantly (p < 0.05) greater in PCL/Gelatin electrospun membranes nanofiber 
surface than in PCL electrospun membranes. Although the MTT conversion of cells cultured on 
PCL electrospun membranes also showed an increase in cell viability throughout the culture time, 
that increase was significantly lower. These results showed that PCL and PCL/Gelatin electrospun 
membranes nanofiber surface did not induce any cytotoxicity effects on PC-12 pheochromocytoma 
cells. 
 
Figure 3.13: Cell viability determined by MTT assay expressed as number of PC-12 pheochromocytoma cells as a 
function of mitochondrial activity of reduction reaction of MTT to formazan product after 2, 4, and 6 days of cell 
culture onto PCL and PCL/Gelatin electrospun nanofiber scaffolds. Error bars represent mean ± SD, n = 3 cultures 
under each conditions. Asterisk denotes significant differences (p < 0.05) from PCL/Gelatin scaffold as compared to 
PCL as determined by Student’s t-test. 
Figure 3.14 illustrates the RT-PCR of GAP-43 mRNA expression on PC-12 pheochromocytoma 
cells cultured onto PCL and PCL/Gelatin electrospun membranes nanofiber surface after 6 days of 
in vitro differentiation. The results of the RT-PCR gel electrophoresis indicate the absence of a 
detectable product of GAP-43 from mRNA extracted from PC-12 pheochromocytoma cells cultured 
on both PCL and PCL/Gelatin electrospun membranes nanofiber surface without the addition of 
neurotrophic factor (NGF) in comparison with NGF treatment cultures where an amplified GAP-43 
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signal was detected from mRNA extracted from differentiated PC-12 cells (Figure 3.14 A). The 
GAP-43 product was approximately 700 bp in length, as previously reported using identical primers 
[29]. GAPDH was used as a housekeeping positive control for the RT-PCR assay. For semi 
quantitative analysis of the RT-PCR assay, the densitometry values of the amplified product of 
GAP-43, normalized to those of GAPDH, were obtained (Figure 3.14 B). Our data show no 
amplified or faint product obtained from PC- 12 cells culture in the absence of neurotrophic factor. 
However, PC-12 cells cultured on PCL/Gelatin electrospun membranes nanofiber surface showed 
an up regulation of GAP-43 mRNA with a relative expression about of 1 fold increase in GAP-43 
amplified product when compared to PC-12 cells culture onto PCL electrospun membranes after 6 
days of in vitro differentiation to sympathetic neurons (p < 0.05). 
 
Figure 3.14: Representative gel electrophoresis bands stained with ethidium bromide of the gene expression of GAP-43 
mRNA detected by RT-PCR from PC-12 pheochromocytoma cells cultured onto PCL and PCL/Gelatin electrospun 
nanofiber scaffolds in presence and absence of 50 ng/ml of NGF after 6 day of culture (A). Changes in gene expression 
of GAP-43 mRNA levels obtained of densitometric data of bands image products, represented as a ratio of GAP-43 
product/GAPDH product of PC-12 cells cultured for 6 days with or without stimulation of 50 ng/ml of NGF in the 
medium onto PCL and PCL/Gelatin electrospun nanofiber scaffolds (B). The housekeeping GAPDH mRNA was used 
as internal gene control. 
The neurite outgrowth of PC-12 cells was used to elucidate the bioactivity of PC-12 cells cultured 
on PCL (Figure 3.15 A, B) and PCL/Gelatin nanofiber (Figure 3.15 C, D) scaffolds with 50 ng/ml 
of NGF stimulation. Figure 3.15 shows typical immunofluorescence images of PC-12 cells sending 
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out neurite extension on PCL and PCL/Gelatin nanofiber scaffolds by immunodetection of the 
membrane protein of growth cone GAP-43 neurite marker.  
 
 
Figure 3.15: Representative confocal laser micrograph images of neurites outgrowth of PC-12 pheochromocytoma cells 
cultured for 6 days stimulated with 50 ng/ml of exogenous NGF in the medium onto PCL (B) and PCL/Gelatin (D) 
electrospun nanofiber scaffolds by immunoassay staining against the growth cone neurite marker GAP-43. Micrograph 
images of no extension of neurites prior to the onset of differentiation by the exposure to NGF of PC-12 cell cultured 
onto PCL (A) and PCL/Gelatin (C). Scale bar = 5 μm. Evaluation of percentage of differentiation (E) and neurite length 
(F) after 6 days of culture in NGF (50 ng/ml) loaded medium of PC-12 cells. Asterisk indicates a statistically significant 
(p < 0.05) increase in length on neuritis. 
When the morphological appearance of the neurites outgrowth of PC-12 cells was compared, it was 
observed that neurites on PCL/Gelatin extend more prominently than those on PCL. On 
PCL/Gelatin, there is a growth cone with some microspikes protruding from them, and the 
outgrowth appears to be stapling the neurite to the nanofiber surface only at those points where the 
directions change (Figure 3.15 D). In comparison, on PCL, the neurites were slender and rectilinear 
with a growth cone at the end of the tip (Figure 3.15 B). However, the continuous and curvilinear 
appearance of neurites on both blends reflected their close association with the nanofiber surface. 
The percentage of differentiation related to the presence of neurite-like processes was about 60.2% 
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for PC-12 cells on PCL/Gelatin compared to 58.6% of PC-12 cells on PCL scaffolds (neurite 
growth after 6 days of culturing, Figure 3.15 E). The average neurite length of PC-12 cultured on 
PCL/Gelatin nanofiber was calculated as 93.55 ± 3.93 μm (Figure 3.15 F). This was significantly 
longer than the extension of neurite-like processes of PC-12 cells cultured on PCL (78.13 ± 3.05 
μm). However, the extension of neurite-like processes of PC-12 cells cultured on PCL/Gelatin was 
greater and more vigorous on this scaffold, as determined by immunoassay. 
3.4 DISCUSSION 
After trauma or nerve injury, current clinical treatments involve the use of autograft or allograft. 
This has many limitations, including donor scarcity, multiple surgeries, donor site morbidity, 
scarring, and the need for an allograft patient to take immunosuppressant indefinitely post surgery 
to avoid rejection [31, 32]. The development of synthetic material for use in the engineering of 
nerve grafts is a promising alternative, which obviates the need for immunosuppression or surgery 
involving autografts or allografts [33, 34]. Our approach proposes the use of polymeric platforms, 
realized by electrospinning technology, as artificial grafts for nerve tissue regeneration. Here, a 
mixture of synthetic and natural polymers has been selected to satisfy all the basic requirements of 
biomaterials for tissue engineering. PCL is a bioresorbable and biocompatible polyester, approved 
by the FDA for several medical devices [35, 36] and widely used as a biomaterial scaffold with 
slow degrading behavior. Furthermore, gelatin is a natural biopolymer derived from collagen by 
controlled hydrolysis, widely used clinically because of its non antigenicity and having many 
advantages, such as its biological origin, biodegradability, biocompatibility, and commercial 
availability at relatively low cost [14, 37]. In comparison with other structural proteins (i.e., 
collagen), gelatin does not show any denaturation phenomena due to the interaction with the applied 
electric field during the electrospinning process [38] and it is less expensive so incentivizing its use 
for a large-scale production of electrospun membranes in clinical surgery. 
This chapter is aimed to evaluate the role played by gelatin in promoting nerve regeneration. Firstly, 
mixing gelatin with PCL improves the morphology of the fibrous systems by influencing the 
interaction of the polymer solution with the electric field. In this case, the higher density of the 
protein (1.46 g/cm3) than PCL (1.13 g/cm3) allows preservation of optimum viscous behavior, 
which helps to prevent capillary instabilities of the jet occurring at the tip of the electrode needle 
during the fiber deposition, therefore, minimizing bead formation (Figure 3.1). Also, the protein 
drastically alters the hydrophobic behavior of PCL, as indicated by the differences in contact angles 
(Figure 3.2) and confirmed by experimental evidence in other work [30]. This enhanced 
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hydrophilicity arises from the presence of an amine and a carboxylic functional group (absent from 
PCL) in the gelatin structure. 
Moreover, in this chapter, a comparative evaluation of the biological response of bicomponent films 
and electrospun membranes was done to determine the contribution of fiber nanopatterning on basic 
cell mechanisms in the tissue regeneration. The solvent casted PCL films showed a microporous 
surface due to a tailored evaporation of solvent. During this process, the film phases can vary in size 
within a micrometric range (Figures 3.4 A-C), to form a patterned template that influences cell 
attachment [39]. In contrast, electrospun nanofibers were arranged in a random manner, forming an 
interconnected fiber network with open porosity (Figure 3.4 B) that assures fluid transport, cell 
penetration, and tissue ingrowth. The homogeneous distribution of fiber sizes (Figure 3.4 D) on a 
nanometric scale enables the exposure of an ordered nanotextured surface that interacts more 
effectively with cells, due to the higher exposed scaffold surface. Based on the hMSCs’ 
biocompatibility results (Figure 3.9), the nanofibrous scaffolds provide some signals to able cells to 
promote cell growth and functionality. The nanoscale fiber assembly also contributed to the 
mechanical properties and better biodegradation control to mimic a natural cellular remodeling 
process [11]. A more elaborate model of biological recognition and signaling function of the 
extracellular milieu is needed that requires a nanofibrous scaffolds to induce a precise recapitulation 
and spatiotemporal control of the cell living environment in vitro and in vivo [40]. Native proteins, 
such as collagen and gelatin, have been selected as candidate materials for reproducing the 
morphological and biochemical functionalities of natural ECM [41]. Unlike traditional engineering 
composites with inorganic components (e.g., carbon and glass fibers) used as reinforcement 
systems, the encoding role of natural biopolymers allows the imparting of bioactive cues to the 
biologically passive synthetic polymers. However, the main shortcoming of collagen is its 
inadequate mechanical properties and the changes in structure during scaffold manufacturing; both 
of which make it unsuitable for long-term applications [38]. Some researchers have proposed the 
use of crosslinking strategies (e.g., glutaraldehyde) to minimize the protein dissolution in aqueous 
media [42]. However, crosslinking agents above critical concentrations may affect the 
electrospinning parameters as well as the fiber morphology [43] and the release of unreacted highly 
cytotoxic products [44]. A mix of natural and synthetic polymers may overcome the deficiencies of 
single polymers to produce new platforms with excellent biocompatibility and enhanced cell–
scaffold interactions that retain their structural integrity. 
In this study, gelatin (denatured collage) was embedded in PCL for enhanced biodegradability with 
respect to the natural collagen. PCL/Gelatin electrospun membranes show a progressive slowing of 
the hydrolytic degradation of proteins, with some preservation of chemical functionality for up to 6 
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days of in vitro culture (Figures 3.6-3.8). Some gelatin was still present in the fiber sheets at day 6 
as confirmed by the IR spectrum in Figure 3.5. The fibers display irregular topographical features 
which probably arise from partial gelatin loss along the fiber surface during water conditioning 
(Figure 3.6). 
This was confirmed by a comparison with the smooth surface of pure PCL electrospun fibers. The 
film degradation studies (Figures 3.6-3.8) indicate the complete disappearance of gelatin after only 
24 h, confirming that the phase separation occurring during processing can affect degradation 
kinetics. In particular, the electric field applied during electrospinning promoted the formation of 
finely dispersed and strictly embedded phases, which slow down the dissolution of the gelatin. This 
was also reported by Zeugolis et al. [38], who showed that the presence of extensive protein phases 
promoted rapid membrane dissolution. The surface roughness of the fibers and the hydrophilic 
signal of protein [45] improved the cell–surface recognition and enhanced cell spreading. The 
hMSC cells on PCL/Gelatin membranes show a more marked interaction, with the formation of 
filopodia which follows the morphological pattern of the tracks formed along the fiber surface. In 
contrast, in the case of bicomponent films, cells recognize the substrate only in the neighborhood of 
the gelatin phases forming specific contact over the surface. The enhanced biocompatibility of the 
bicomponent substrates may be explained by the presence of the gelatin amino acids, such as 
arginine, glycine, aspartic acid, which provide a positive signal of surface recognition confirming 
favorable conditions for cellular response [17, 18]. The cell adhesion represents the first aspect of 
cell-material interaction which may drastically determine the response of cell physiological and 
biological functions, thus compromising the potential fate of the biohybrid system (material and 
cells) [46]. PCL/Gelatin samples had the best biocompatibility followed by PCL fibrous 
membranes. Therefore, further investigations on electrospun scaffolds as guide for nerve 
regeneration were pursued with more specific cells (i.e., PC-12 cells).  
Differences in the chemistry and morphology of PCL and PCL/Gelatin nanofiber significantly 
contribute to characterizing the biological response assessed by in vitro cell model based on rat 
pheochromocytoma PC-12 cell line. As a first step, both short and medium term bioassays have 
been performed to determine the adhesion and cytotoxicity of the different scaffolds. 
It is recognized that adhesion is an important process, not only for attachment, but also for enabling 
nerve growth cone to move during the neurite-like process. All the results reported here showed an 
enhanced cellular adhesion, related to a favorable interaction of PC-12 cells, and proliferation, 
related to viability of PC-12 cells, when cultured onto a PCL/Gelatin scaffold compared with PCL 
alone, demonstrating the better biocompatibility of electrospun membranes with gelatin content 
(Figures 3.11-3.15). Despite the higher diameter of PCL/Gelatin fibers that evidently limits the 
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surface/volume ratio and fiber density so negatively concurring to influence cell recognition, the 
enhanced biocompatibility of the bicomponent scaffold demonstrates the main role of gelatin cue, 
which significantly improves cell affinity compared to synthetic polyester fibers of PCL with 
hydrophobic behavior and lack of surface cell recognition sites [47]. Furthermore, many cells types, 
including neural cells, are sensitive to chemical cues that support the advance of the basic 
mechanisms, namely, cell growth and differentiation, involved during the regeneration of the nerve 
[48]. In this case, the inclusion of gelatin exposes many integrin sites for cell adhesion and 
differentiation, which mimic the structural features of the natural extracellular matrix, creating a 
favorable environment for PC-12 cell attachment and proliferation [14, 30, 49, 50]. These results 
are in agreement with similar studies on PC-12 cells response onto electrospun scaffold. Ghasemi-
Mobarakeh et al. reported that the proliferation of C17.2 neuronal cells on gelatin-containing PCL 
electrospun scaffold was higher than PCL scaffolds [30], while Chong et al. observed significant 
cell adhesion, growth, and proliferation of human dermal fibroblasts on electrospun PCL/Gelatin 
scaffold [45]. Prabhakaran et al. found good adhesion and higher cell viability of mesenchymal 
stem cells induced to differentiate into neuronal cells on engineering nanofibrous scaffolds of poly( 
L-lactic acid)-co-poly(3-caprolactone)/collagen [51], and Koh et al. found that poly(L-lactic acid) 
(PLLA) nanofiber scaffolds functionalized with laminin by different methods supported better PC-
12 cells viability and adhesion compared with unmodified PLLA nanofiber [52]. Results from the 
analysis of PC-12 cell differentiation indicated the active role of gelatin as a biological cue on 
neurite outgrowth and on the expression of the membrane protein of growth cone GAP-43 neurite 
marker after exposure to 50 ng/ml of NGF. Recently, the PC-12 pheochromocytoma cell line has 
been extensively used as a model for studying neuronal differentiation in the presence of 
neurotrophic factors. In particular, PC-12 cells in the NGF-conditioned environment show an 
enhancement in the direction of outgrowing axons of sensory and sympathetic neurites along the 
factor concentration gradient and increased the tendency to start sprouting neurite like process [53, 
54]. Also, NGF dependence has been confirmed by reported experimental evidence, indicating that, 
after 6 days of culture, PC-12 cells in the absence of NGF are rounded in shape, exhibiting no 
extension (Figure 3.15). The behavior of PC-12 cells in terms of neuronal differentiation shows that 
PC-12 cells preferably differentiate in the presence of PCL and gelatin nanofiber (Figure 3.14-3.15). 
The recognition of the growth cone GAP-43 by immunoassay and by estimation of the average 
neurite length shows that differentiation is related to the presence of neurite-like processes and that 
gelatin considerably contributes to the stabilization of the neurite outgrowth process. This promotes 
stronger and more prominent sprouting of neurites from cell bodies to the nanofiber surface. 
Additionally, several in vitro studies of the role of cell-substratum adhesion in neurite evolution 
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report a strong correlation between neuron-substratum adhesion strength and quality of neuronal 
morphogenesis in terms of neurite outgrowth [55-58]. The results obtained in the current work are 
in agreement with all previous literature, showing that the adhesive interaction between PC-12 cells 
and PCL/Gelatin nanofiber scaffolds and their surrounding microenvironment plays a crucial role in 
the initiation, elongation, and fasciculation of neurites. 
Regarding assessment of neuronal differentiation, many neurotypic proteins may be used as 
markers of differentiation in vitro of PC-12 cells into the neuronal phenotype [59], including 
growth-associated protein 43 (GAP-43) and presynaptic membrane-associated proteins, such as 
synpatophysin and synapsin. Results from this study on the gene expression of GAP-43 after NGF 
exposure showed high levels of GAP-43 expression on PCL/Gelatin as compared to levels observed 
on PCL alone (Figure 3.14), directly indicating an increase of differentiated cells and neurite 
outgrowth length. These data are supported by the literature, where GAP-43 is implicated as a 
neuron-specific phosphoprotein whose gene expression has been used as an indicator of the early 
events in neurite outgrowth [60-62]. Also, it has to be noted that neurite outgrowth is a dynamic and 
complex process, guided by the interaction of the neuron with the substrate as well as by local 
environment, requiring multiple cycles of attachment and release and extension and retraction of the 
sprout nerve growth cones. The current challenge moves toward a control of the up regulation of 
GAP-43 by interactions between individual neurons. These interactions may be certainly carried by 
morphological cues offered by nanotextured membranes. Mainly, biochemical cues offered by 
gelatin enable concerted promotion of cell adhesion and migration, as well as supplementing the 
effect of NGF on cell differentiation while it progressively dissolves during cell culture [14]. This 
entails the creation of free volume within the microenvironment, which not only promotes motility 
and accessibility of the PC-12 cells but also improves the diffusion of NGF, enhancing the 
bioactivity of the scaffold. In particular, NGF stimulates the tyrosine kinase (TrkA) receptor to 
activate distinct intracellular signaling pathways, which could crosstalk with signaling pathways of 
the gelatin biopolymer mediated by integrin receptor (α1β1), supporting the fate of progenitor-like 
PC-12 cells to sympathetic neurons. Also, GAP-43 is enriched at the interface by receptors and 
cytoskeleton at the growth cone tip. Its phosphorylation state influences cytoskeletal dynamics, 
including actin polymerization playing a pivotal role in the guidance of neurite outgrowth [63-65]. 
All these promising results show the way toward a new approach based upon the use of signal-
inducing scaffolds in neural tissue regeneration, with significant benefits relevant to the traditional 
procedures of peripheral nerve repair.  
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3.5 CONCLUSION 
Based on the results reported here, we can conclude that natural polymers such as gelatin integrated 
into PCL nanofibers may act as biological cues for promoting nerve repair. Although electrospun 
fibrous scaffolds have already been proven feasible as favorable substrates for nerve cell culture, 
the results of cell attachment, viability, and neurite outgrowth studies reported here demonstrated 
that the integration of gelatin with PCL nanofibers significantly improves the biointeraction of PC-
12 pheochromocytoma nerve cells with the substrate. This improved bioactivity is related to the 
synergistic contribution of scaffold material topography, that is fiber diameter on the nanoscale, and 
biochemical signals offered by gelatin biopolymer, as confirmed also by the comparative study with 
casted films. 
Immunostaining and RT-PCR results confirm that gelatin cue also support neuronal differentiation 
and changes in gene expression during in vitro differentiation, directly related to neurite outgrowth. 
These data suggest that stimulation of neurite outgrowth requires GAP-43 function, which can be 
guided by the fine design of signal-inducing scaffold, paving the way toward a renewed role of the 
substrate to assist neuronal pathfinding during nerve repairs or regeneration. 
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CHAPTER 4 
Design and Characterization of PCL and PCL/Gelatin Electrospun 
Conduits for Peripheral Nerve Regeneration  
 
 
4.1. INTRODUCTION 
Peripheral nerve injuries are very common in clinical practice and often lead to permanent 
disability. Once the adult nerve tissue is injured, it is hard to regenerate especially as a nerve defect 
or gap is too long [1-3]. Currently, nerve autografts are considered as the “gold standard” for the 
structural and functional restoration of nerves. However, several drawbacks are related to the use of 
autografts, including extended surgery, donor site morbidity, limited availability, size mismatch, 
and painful neuroma formation. Nerve conduits represent a promising alternative for the 
regeneration of the damaged or transected nerve tissue. In this context, three-dimensional structures, 
namely conduits, may act as bridge, providing directional guidance as well as support to nerve 
regeneration [4].  
The use of hollow conduits was originally proposed for nerve repair in 1881 with the first 
successful application occurring in 1882, a tube was used to bridge a 30 mm nerve gap in a dog [5, 
6]. Today, the use of this synthetic implant is the clinically approved alternative to autograft repair, 
presenting several advantages, such as limited myofibroblast infiltration, reduced neuroma and scar 
formation, reduction in collateral sprouting and no associated donor site morbidity [7].  
In ensuring the success of neural tissue engineering strategies, material choice plays a crucial role. 
Tailored material degradation rates and mechanical properties allow minimizing inflammatory 
response, thus providing the required support and guidance to sustain the regeneration of axons [8]. 
A large body of research has been conducted to investigate different kinds of biomaterials for neural 
tissue engineering, as reported in Figure 4.1, including synthetic materials such as poly(glycolic 
acid) (PGA) [9], poly(L-lactide-co-glycolide) (PLGA) [10, 11], poly(3-hydroxybutyrate) (PHB) 
[12, 13] and natural biopolymers such as gelatin [14-16], collagen [3, 10, 17-20], chitosan [9, 21-
24] and silk [25, 26]. Biocompatible synthetic materials are attractive as neural tissue engineering 
scaffolds because of the ease in tailoring the degradation rate and mechanical properties of these 
materials to suit the application, while natural materials offer biomolecular recognition site [27].  
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Figure 4.1: Current clinically approved and upcoming nerve guidance conduits [5]. 
Despite some success in nerve repair, these hollow conduits fail to match the regenerative levels of 
autograft and show poor functional recovery [5, 28]. Therefore, there is still an active area of 
intense research to find new biomaterials, able to better interact with cells, more flexible and 
processed by less expensive methods to create new conduits for peripheral nerve repair [26].  
An attractive feature of electrospinning process is the ability to fabricate fibrous tubular assemblies 
with tunable three-dimensional (3D) microarchitecture [29] obtained by direct deposition of 
nanofibers onto a rotating mandrel [29-32]. According to other studies [33, 34], the investigation of 
cell/materials interaction (see Chapter 3), has revealed that even the combined contribution of 
biochemical cues may support the main cellular events triggering cell adhesion and neurite out-
growth over the fiber architecture. 
Consequently, this study is aimed to design and fabricate nerve conduits with interconnected pores 
and able to resist structural collapse during implantation by using electrospinning technique [35]. 
Poly(ε-caprolactone) (PCL) and PCL/Gelatin electrospun tubular conduits are proposed as a nerve 
guidance channel for complex motor nerve regeneration. We previously investigated the 
biocompatibility of nanofibers, so demonstrating their non-cytotoxic response and their ability to 
provide a favorable environment that supports the growth of cell lines [34, 36, 37]. Here, we 
identify the optimal process parameters to fabricate electrospun conduits and investigate 
morphological (i.e., fiber size scale, porosity) and functional (i.e., stiffness, interaction with primary 
cells) properties of the best prototypes.  
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4.2. EXPERIMENTAL SECTION 
4.2.1 Materials 
PCL pellets (Mn 45 kDa) and Gelatin of type B (~225 Bloom), from bovine skin in powder form, 
were all purchased from Sigma-Aldrich (Italy), while 1,1,1,3,3,3-hexafluoro-2-propanol (HFP) was 
supplied by Fluka (Italy) and chloroform (CHCl3) by J.T. Baker (Italy). All products were used as 
received without further purifications. 
A 1:1 (weight ratio) polymer solution of PCL and Gelatin was prepared by firstly dissolving the 
polymers separately in HFP for 24 h under magnetic stirring and then mixing them in order to 
obtain a solution with a final polymer concentration of 0.1 g/ml. 
Alternatively, PCL was dissolved in chloroform at a concentration of 0.33 g/ml. The solution was 
kept under magnetic stirring at room temperature until a clear solution was obtained. 
4.2.2 Preparation of electrospun conduits 
Electrospun fibers were obtained by using a commercially available electrospinning setup 
(Nanon01, MECC, Japan). The polymer solution was placed in a 5 ml plastic syringe connected to a 
needle with a tip diameter of 18 Gauge. At the first stage, fibers were randomly collected over a 
grounded aluminium foil target in order to obtain flat membranes. Different process parameters 
were selected to optimize the final fiber morphology: in particular for PCL/Gelatin platforms a 
distance of 8 cm, a voltage of 13 kV and a flow rate of 0.5 ml/h were set while for PCL fibers the 
selected parameters were 15 cm, 20 kV, 0.5ml/h. The process was carried out in a vertical 
configuration, and the deposition time was adequate to obtain the proper thickness (~ 150 μm) to 
remove the membranes from the grid. Tubular nerve conduits were developed by collecting fibers 
onto a 1.5 mm diameter metal mandrel, with an imposed rotating rate of 50 rpm. 
4.2.3 Morphological characterization 
Qualitative evaluation of fibers morphology of the electrospun PCL and PCL/Gelatin 
membranes/tubes was performed by field emission scanning electron microscopy (FESEM, 
QUANTA200, FEI, The Netherlands). Samples were dried in the fume hood at least for 24 h in 
order to remove any residual solvent, mounted on metal stubs and sputter-coated with gold-
palladium for about 20 sec in order to get a 19 nm thick conductive layer. SEM images were taken 
under high vacuum conditions (10-7 torr) at 10 kV, using the secondary electron detector (SED). On 
selected SEM images, the fiber diameter distribution, the mean total porous area and the % porosity 
were determined by using freeware image analysis software (NIH Image J 1.37). 
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4.2.4 Mechanical testing 
Mechanical characterization was achieved by applying tensile test loads to specimens prepared from 
the electrospun non-woven fiber mats. Sufficient care must be taken in preparing and then gripping 
the tensile specimens in order to avoid severe damage of the membranes. After the aluminum foil 
was carefully peeled off, specimens (n=10/group) were cut fixing the following dimensions of 
width and length: (0.5x3) cm. Specimen thicknesses were measured using a digital micrometer in 4 
points in each samples and averaged. Finally, tapes were applied onto the gripping areas as end-tabs 
and samples were hydrated with distilled water. 
The tensile testing was performed by using a dynamometric machine (Instron 5566, Germany) with 
a load cell of 2.5 N. Cross-head speed of 3 mm/min was used for all of the specimens tested. The 
machine-recorded data were used to process the tensile stress–strain curves of the specimens.  
Transverse compression testing of PCL and PCL/Gelatin tubes was performed by using again a 
dynamometric machine (Instron 5566). The length of samples (n=5/group) was 7 mm and the tube 
wall thickness was measured before testing. All the tubes were hydrated before testing by soaking 
them in deionized water. The crosshead speed was maintained at 1 mm/min. The compressive 
strengths of PCL and PCL/Gelatin tubes were reported against the displacement values. Results are 
expressed as means ± standard deviations on five different samples (n =5). 
4.2.5 Biological response in vitro 
The flat membranes were cut into 6 mm discs and placed into 96-well tissue culture plates for 
biological characterization. Prior to the biological assays, PCL and PCL/Gelatin electrospun 
scaffolds were sterilized by immersion in 70% of ethanol (v/v) with antibiotic solution 
(streptomycin 100 μg/mL and penicillin 100 U/mL) for 30 min, washed three times with phosphate-
buffered saline (PBS) and air dried. 
All sterilized samples were immersed in Dulbecco’s Modified Essential Medium (DMEM) for 24 h 
prior to plating undissociated lumbar Dorsal Root Ganglion (DRG), dissected from E15 chick 
embryos incubated at 37°C. After 24 and 72 h of seeding, cells were fixed with 4% 
paraformaldehyde (PFA) and stained with NF-200 antibody in order to observe the neurite 
extension by fluorescence microscopy. All experiments were run in triplicate. 
4.3 RESULTS 
In this study, PCL and PCL/Gelatin platforms were fabricated by electrospinning technique to 
explore their application as nerve guidance substrates. A flat aluminum target and a rotating 
mandrel were used to produce flat membranes and tubes, respectively (Figures 4.2 A and 4.3 A).  
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Figure 4.2: A) Electrospinning setup for flat membranes production; SEM images of PCL (B) and PCL/Gelatin (C) flat 
membranes. 
Micrometer size PCL fibers with average diameter of (5.61 ± 0.8) µm were produced from a 0.33 
g/ml solution of PCL in chloroform - solvent with low polarity (Figure 4.2 B). PCL/Gelatin fibers 
(Figure 4.2 C) obtained from a solution in HFP - higher polarity solvent - showed characteristic 
sizes in a submicrometric range with an average diameter of (0.59 ± 0.15) µm, confirming that 
polymer concentration and solvent polarity significantly influenced the fiber diameter as introduced 
in Chapter 2. Figures 4.3 B and C show SEM images of PCL and PCL/Gelatin fibers along the 
surface of the electrospun tube. The use of rotating collectors did not evidently influence fiber 
morphology. 
The distribution of fiber diameter was assessed by using image analysis as shown in Figure 4.4 A. 
PCL/Gelatin fibers were shown to have a narrower diameter distribution in comparison to PCL 
samples, by statistical modes of 0.70 and 4.75 µm and skewness of 0.26 and 0.40. Mesh porosity 
(%) and the mean total porous area (µm2), plotted in Figure 4.3 D were calculated by using an 
inverse contrast tool (Figures 4.4 B-C) on SEM images. Porosity was comparable for PCL (35.47 ± 
3.66) % and PCL/Gelatin, (36.05 ± 2.86) % electrospun conduits, but the mean area was much 
greater for PCL (76562.0 ± 7861.3) μm2 as compared to the bicomponent scaffold (776.33 ± 62.76) 
μm2. 
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Figure 4.3: A) Electrospinning setup for nerve conduits production; SEM images of PCL (B) and PCL/Gelatin (C) 
tubes. 
 
Figure 4.4: Image analysis data: A) fibers diameters distribution for PCL ( ) and PCL/Gel samples ( ); SEM 
images with inverse contrast of PCL (B) and PCL/gel (C) samples; D) Mean Total Porous Area (mTPA, ) and 
porosity ( ) for PCL and PCL/Gelatin fibers.  
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The tensile stress-strain curves of electrospun PCL and PCL/Gelatin membranes are shown in 
Figure 4.5. The averaged tensile modulus and the ultimate tensile strain and stress are summarized 
in Table 4.1 
As evident from tensile stress-strain curves PCL membranes presented higher elastic modulus and 
stress at break but lower strain at break comparing to PCL/Gelatin membranes. 
 
Figure 4.5.: Representative tensile stress-strain curves of PCL ( ) and PCL/Gelatin ( ) membranes 
Table 4.1.: Averaged tensile modulus, ultimate tensile strain and stress. 
 
Elastic Modulus 
(MPa) 
Strain at break 
(mm/mm) 
Stress at break 
(MPa) 
PCL 18.71 ± 6.85 0.17 ± 0.05 1.45 ± 0.24 
PCL/GEL 0.79 ± 0.28 0.39 ± 0.16 0.10 ± 0.02 
The transverse compressive strengths of electrospun tubes were measured by applying a transverse 
displacement to the longitudinal axis (Figure 4.6 A) and analyzing the resulting load. Analysis of 
the load-displacement curves in Figure 4.6 B, showed that PCL/Gelatin tubes possessed lower load-
bearing ability and compressive strength than PCL tubes for displacement values up to 50%. This 
difference was evident mainly for low displacement (< 0.1) as reported in Figure 4.6 C. 
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Figure 4.6: Transverse compressive tests on PCL and PCL/Gelatin conduits: A) Scheme of the mechanical test; B) load 
vs displacement comparative histogram; C) load-displacement curve for small displacement (< 0.1).  
Before evaluating artificial nerve conduits in vivo, the biocompatibility of electrospun PCL and 
PCL/Gelatin fibrous substrates was tested in vitro with primary cells using Dorsal Root Ganglia 
(DRGs). DRGs were seeded on the electrospun fibers and on tissue culture plates (TCP) coated with 
laminin. DRGs were fixed at two time points (24h and 72h) to evaluate neurite extension by 
fluorescence microscopy. After 24 h, DRGs adhered on all the examined samples (Figure 4.7-top 
row), but neurite extension was mainly observed in PCL/Gelatin membranes (Figure 4.7 C) and 
TCP controls (Figure 4.7 E). After 72 h, neurites appeared to have extended along the fiber axes 
outward from the main DRG body without any directional preference, therefore exhibiting a 
circular appearance (Figure 4.7-bottom row). Neuritis have preferentially grown in the case of 
PCL/Gelatin membranes (Figure 4.7 D) and TCP laminin coated (Figure 4.7 F), less for PCL 
scaffolds (Figure 4.7 B). 
 
Figure 4.7: Biological validation in vitro: DRG’s confocal images after seeding 24h (A-C-E) and 72h (B-D-F) on PCL 
(A-B), PLC/Gelatin (C-D) substrates and on the control (E-F). 
 78 
4.4 DISCUSSION 
Electrospinning currently represents a good choice to develop scaffolds made of nano or 
micrometric fibers by using different kind of materials, as supporting device for nerve regeneration. 
In particular PCL, an aliphatic and degradable polyester, has good tensile properties and slow 
degradation kinetics, suitable characteristics to make a scaffold for peripheral nerve repair. 
Unfortunately, its bioinert and hydrophobic properties limit its use as a biomedical material [38]. In 
Chapter 3, it has been demonstrated that mixing PCL with a natural protein, i.e. gelatin, to produce 
electrospun membranes, induced increased adhesion, proliferation, viability and differentiation of 
rat pheochromocytoma PC-12 cells [34].  
According to previous promising results, here, PCL and PCL/Gelatin fibers were collected on a 
rotating mandrel in order to produce conduits as graft for nerve repair. Tubes morphology has been 
investigated in terms of fiber size and porosity and compared with fibers from 2D electrospun 
membranes.  
From SEM analysis, no significant change in terms of fibers morphology has been observed in 
electrospun conduits compared to 2D fibrous membranes confirming that diameter and morphology 
of electrospun fibers are controlled mostly empirically, as a function of solution concentration, 
molecular weight of the polymer and of different polymers ratios [39]. 
In our case, the interaction of the polymer solution with the electric field has been altered by 
changing the polymer/solvent system, i.e., switching from PCL/Gelatin/HFP solution to 
PCL/chloroform – thus affecting the final morphology of fibers. Moving from high polarity 
fluorinated solvents, as HFP, to apolar solvent, as chloroform, higher net charge density in solution 
is promoted. This is ascribable to the enhanced stretching of the jet and therefore the formation of 
thinner fibers [40].  We demonstrate that higher concentration of PCL/chloroform solutions prevent 
the jet segment stretching under the effect of the constant Coulomb force, due to an increased 
viscoelastic force, so fibers with larger diameters, up to an order of magnitude, are obtained. 
Hence, a narrower fiber diameter distribution was detected by image analysis in the case of 
PCL/Gelatin/HFP solution. According to Chapter 2 data on fiber size, the use of polymer solutions 
with higher relative dielectric permittivity leads to the creation of electrospun membranes with a 
narrower distribution of fiber diameters [40-41]. As consequence of different fibers size scale, the 
mean total porous area (µm2) is greater for PCL micrometric scaffolds respect to PCL/Gelatin, 
without any noticeable difference in terms of total mesh porosity (%) as expected. 
Moreover it was essential to explore the mechanical behavior of nerve conduits. Indeed, good 
flexibility and tailored degradation rate are also important factors for a tissue-engineered conduit to 
resist tearing and stretching forces and retain stable shape during nerve regeneration process [42]. If 
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nerve conduits show large rigidity, it might exert chronic compression to regenerated nerves. 
Besides, an excessive softness of device does not assure an adequate mechanical support, also 
limiting the handling during implant surgery. Consequently, the conduits do not bear forces, thus 
collapsing in vivo.  
The combination of PCL and gelatin with ratio of 50/50 by weight gave rise to loose and weak 
structure compared to pure PCL [43]. Indeed, tensile test made on electrospun membranes 
confirmed that PCL/Gelatin samples had a low elastic modulus and stress at break, in comparison 
with PCL. All tests were performed on hydrated samples in order to mimic in vitro and in vivo 
conditions. 
Furthermore, to verify the ability of electrospun conduits to withstand the compression exerted by 
the surrounding tissues, transverse compressive test were carried out and PCL/Gelatin conduits 
showed lower load bearing ability respect to PCL tubes, appearing less suitable for stand stresses 
during the surgical procedure and implantation time. 
On the other hand, biological tests showed that the neurite extension of DRGs seeded on 
electrospun membranes was more pronounced on PCL/Gelatin substrates than PCL scaffolds, in 
agreement with PC-12 cells interactions results on electrospun PCL and PCL/Gelatin fibers [34]. 
This is probably due to the fact that gelatin is a natural biopolymer derived from collagen by 
controlled hydrolysis and has structural similarity to collagen. Therefore, the inclusion of gelatin 
into PCL enhances the interaction of the cells with the scaffolds by engaging cell-adhesion 
molecules which then permit the cells to exert/generate higher interaction forces [43]. 
4.5 CONCLUSION 
Here, our objective was the design and characterization of PCL and PCL/Gelatin conduits produced 
via electrospinning for peripheral nerve regeneration. 
Results demonstrated that the use of rotating mandrel does not affect fibers morphology in both 
cases - PCL and PCL/Gelatin. Only mechanical properties of the electrospun conduits were strongly 
influenced by the amount of gelatin in the fibers (PCL-Gelatin ratio is 50:50).  
Further in vitro characterization with primary cells, i.e. DRGs, also confirmed that the fibrous 
scaffolds are able to support cell attachment and neurite extension, in particular PCL/Gelatin 
substrates improved neurite outgrowt from DRGs principal body. 
Present findings represent an encouraging knowledge on which to base the evaluation of in vivo 
regeneration process in rat sciatic nerve model. 
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CHAPTER 5 
PCL and PCL/Gelatin Electrospun Conduits for in Vivo Implant in 
Rat Sciatic Nerve Model 
 
 
5.1. INTRODUCTION 
The incidence of nerve traumatic injuries is estimated to be more than 500000 new patients 
annually [1]. Once peripheral nerve is transected, Wallerian degeneration occurs in all of the axons 
distal to the injury site [2], as shown in Figure 5.1, whereby the axoplasmic microtubules and 
neurofilaments disintegrate due to a calcium dependent proteolytic process [3]. These rapid events 
occur as the axon is separated from its trophic (nutritive) source in the nerve cell body (located in 
the spinal cord, dorsal root ganglia, or autonomic ganglia) [4]. 
After injury, circumstanced regeneration may occur, resulting in partial or total loss of motor, 
sensory and autonomic functions in the involved segments of the body. However, regeneration 
across extended nerve gaps must be even surgically facilitated [5].  
 
Figure 5.1: Schematic description of nerve injury. After transection of axons (A), morphologic hypertrophy of nerve 
cell body to aid in biosynthetic regeneration is demonstrated. All neural degenerate in the distal stump (B). Axoplasmic 
filaments arise from the proximal stump in an attempt to recannulate the distal Schwann cell tube (C). After proper 
recannulation, all axoplasmic migration is directed into the distal fragment for regeneration (D) [6].  
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Currently, there are a variety of microsurgical repair methods available, including direct repair, 
autograft/allograft transplantation and the use of hollow nerve guidance conduit repair [4-9]. Direct 
nerve repair (also known as end-to-end suturing, end-end repair, end-to-end neurorrhaphy or end-to-
end coaptation) is the preferred method of treatment for peripheral nerve repair for gaps shorter than 
5 mm [2]. Since it requires tension-free suturing of the injury site [10], for optimal regeneration, the 
nerve stumps must be correctly aligned and repaired with minimal tissue damage, using the minimal 
number of sutures. Since the nerve stumps sometimes cannot be directly coapted without producing 
tension, the gap must instead be bridged, most commonly by autografted nerve segments. However, 
autologous graft bridging is limited by deficiency of donor nerves and by several drawbacks, such 
as the need of a secondary surgery and the loss of donor site function. Furthermore, autografts show 
several drawbacks in the suturing practice, due to mismatch in dimension and modality between the 
injured and donor nerves [7-9]. Hence, engineered guidance channels have been explored as an 
alternative to autografts for the repair of nerve injury. 
The understanding of the natural regenerative process in hollow silicon tube may be informative to 
design ideal artificial graft also supporting the interpretation of the in vivo results [2]. Briefly, this 
regenerative process can be divided into five main phases: (1) the fluid phase; (2) the matrix phase; 
(3) the cellular migration phase; (4) the axonal phase; and (5) the myelination phase (Figure 5.2) 
[11]. 
Belkas et al. reported spatial and temporal sequences in which various nerve regeneration events 
occurred across a 10 mm rat sciatic nerve gap within a silicone chamber [2, 12]. A clear tissue fluid 
containing neurotrophic factors and extracellular matrix (ECM) precursor molecules (e.g. 
fibrinogen and factor XIII) from the damaged nerve ends, fills the chamber by 3-6 hours. During the 
first week, acellular matrix, largely made of fibrin, is formed between the proximal and distal 
stumps [2, 12, 13]. 
During the second week of repair, Schwann cells (SC) from the proximal and distal nerve stumps, 
as well as some endothelial cells and fibroblasts, migrate along this fibrin cable [2, 14]. The 
formation of this fibrin matrix is critical for regeneration. If a matrix fails to form, as can happen 
when a tube is used to repair a long gap, no regeneration may occur [15]. These SC subsequently 
proliferate and align themselves, forming an aligned SC cable, i.e. glial bands of Büngner [11]. This 
formed biological tissue provides a trophic and topographical tissue cable for the axonal phase of 
repair. Axons appear inside the chamber by the second week, and even then only cover the first 
proximal 1-3 mm. Some non myelinated axons cross the 10 mm gap by the third week. By week 4, 
myelinated axons can be seen at the chamber midpoint. SC and fibroblasts advance ahead of the 
axons in the first few weeks and blood vessels lag behind them.  
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Figure 5.2: Regenerative sequence occurring within a hollow NGC. This regenerative process occurs in five main 
phases: (1) the fluid phase: plasma exudate fills the conduit resulting in accumulation of neurotrophic factors and ECM 
molecules; (2) the matrix phase: an acellular fibrin cable forms between the proximal and distal nerve stumps; (3) the 
cellular phase: Schwann cells, endothelial cells and fibroblasts migrate (from the proximal and distal nerve stumps), 
align and proliferate along the fibrin cable forming a biological tissue cable; (4) axonal phase: re-growing axons use this 
biological tissue cable to reach their distal targets; (5) myelination phase: Schwann cells switch to a myelinating 
phenotype and associated with regenerated axons forming mature myelinated axons [11]. 
Hence, a number of criteria for the ideal hollow conduit can be outlined, including: (i) limiting scar 
infiltration, while allowing diffusion of nutrients into the conduit and wastes to exit the conduit; (ii) 
providing sufficient mechanical properties for structural support; (iii) exhibiting a low immune 
response; and (iv) biodegradability, to remove the need for secondary surgery and to prevent 
chronic inflammation and pain caused by nerve compression due to the eventual collapse of 
implanted nerve conduits [16]. 
We previously developed a bicomponent tubular conduit by mixing poly(ε-caprolactone) (PCL) 
with gelatin using electrospinning technique. The electrospun PCL/Gelatin conduits are non-
cytotoxic, porous, biodegradable and provide a favorable environment that supports the growth of 
cells, due to its interconnected porosity. We hypothesized that electrospun tubular conduit may be 
used as a nerve guidance channel for complex motor nerve regeneration. Hence, we compare the in 
vivo response of PCL and PCL/Gelatin conduits implanted in a 5 mm rat sciatic nerve defect until 
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18 weeks. We examined the levels of nerve function restoration using various assessment 
modalities, including electrophysiologic tests, muscle weights and histological evaluations. 
5.2. EXPERIMENTAL SECTION 
5.2.1 In vivo implants 
In vivo study was performed at New Jersey Center for Biomaterials (USA) in collaboration with the 
group of Dr. J. Kohn. Eighteen female Lewis rats weighing 200 g were used for this study. 
Procedures were reviewed and approved by the Rutgers University Institutional Animal Care and 
Use Committee (IACUC). Rats were randomly assigned to one of three groups (n=6 rats/group). 
Prior to surgery, rats were anesthetized using an intraperitoneal injection of ketamine/xylazine 
cocktail.  
A 3 cm incision was made along the left femoral axis on the left leg. Gluteal muscles were carefully 
split and the sciatic nerve was exposed. A 5 mm nerve segment was resected 5 mm distal to the 
tendon of the internal obturator muscle. 7 mm long nerve conduits were secured to nerve stumps 
with two 9-0 ethilon sutures (Ethicon, Somerville, NJ) on either side, leaving a 5 mm gap.  
In the autologous graft group, a 5 mm nerve segment was resected, flipped 180° and subsequently 
sutured back into the nerve using four 9-0 ethilon sutures on either side. 
Muscle and skin were then closed with 6-0 ethilon sutures, respectively using single, separate 
sutures. Rats received buprenex for one week postoperatively. For autotomy prevention, all rats 
were treated daily after surgery with chew guard for one week, in addiction they had chow and 
water available ad libitum. 
5.2.2 Electrophysiological recordings 
Compound muscle action potentials (CMAPs) were recorded using a Viking Quest EMG system 
(Care Fusion, San Diego, CA). All rats were anesthetized and microelectrodes were placed in the 
appropriate foot musculature following three different approaches: a distal recording (DR) of 
signals was obtained placing the ground electrode at the Achilles tendon, the reference electrode at 
the lateral side of the fifth digit of the foot and the recording electrode at the plantar or dorsal side 
of the foot for the tibial or peroneal nerve, respectively, while applying a supramaximal stimulus, 
using bipolar electrodes placed 4 mm apart, just posterior of the tibia, distal to the injury site (distal 
stimulation, DS). Further distal recordings were taken with supramaximal stimulus applied 
proximal to the injury site (proximal stimulation, PS). Moreover, potentials were also recorded 
proximally to the injury site (proximal recording, PR) by placing the recording electrodes directly 
into tibialis anterior and gastrocnemious muscles, respectively innervated by peroneal and tibial 
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nerve branches, while applying supramaximal stimulus proximal to the injury site. CMAPs were 
recorded starting 10 days postoperatively and at 4 week intervals for 18 weeks. Electrophysiological 
response was characterized by calculating the peak amplitude and latency and reported in three 
cases: proximal stimulation-proximal recording (PS-PR), proximal stimulation-distal recording (PS-
DR), distal stimulation-distal recording (DS-DR), (Figure 5.3). 
 
Figure 5.3: Tibial CMAP measured by placing the EMG electrodes in three different anatomical locations: A) Proximal 
stimulation (PS) - proximal recording (PR); B) Proximal stimulation (PS) - distal recording (DR); C) Distal stimulation 
(DS) - distal recording (DR). Peroneal CMAP measured by placing the EMG electrodes in three different anatomical 
locations: D) Proximal stimulation (PS) - proximal recording (PR); E) Proximal stimulation (PS) - distal recording 
(DR); F) Distal stimulation (DS) - distal recording (DR). 
5.2.3 Nerve histology and muscle weight 
After 18 weeks, rats were sacrificed and conduits harvested from animals were post-fixed in 
osmium tetroxide, and embedded in resin according to standard protocol. The mid tube segment of 
the nerve was embedded in resin and the proximal stump was transversely cut into 1 µm thick 
sections and stained with 1% toluidine blue/1% borax in distilled water. Images of sections were 
acquired using a camera connected to a microscope at a magnification of 50x and 100x. On selected 
images, total fiber diameter, axonal diameter and number of myelinated axons were measured. In 
addition, the ratio between axonal diameter and total fiber diameter, G-ratio, was calculated. For 
each type of implant, 9 random images were selected for quantification at 100x magnification. 
Tibialis anterior and gastrocnemious muscles of both hind legs were also harvested during sacrifice 
and weighed to assess the recovery of the muscle weight after nerve regeneration and reinnervation. 
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5.3 RESULTS 
The in vivo efficacy of electrospun nerve conduits was evaluated in a 5 mm rat sciatic nerve defect 
model (Figure 5.4). No mortalities occurred during the study but three rats (two from autologous 
group and one from PCL/Gelatin one) were sacrificed one day after surgery because of autophagia 
at the implant site. 
 
Figure 5.4: In vivo implants in rat sciatic nerve model: A) PCL implant; B) PCL/Gelatin implant; C) autologous graft. 
CMAPs were measured in tibialis anterior and gastrocnemious muscles (PR) and at the dorsal and 
plantar foot muscles (DR) stimulating proximally and distally with respect to the injury site, every 4 
weeks post-operatively. For PR measured from the gastrocnemius muscle belly (PS-PR), peaks with 
non-zero baseline amplitudes and greater latencies were measured after nerve transection (Figure 
5.5 A). Increased amplitude and decreased latency were observed in all groups after 8 weeks. 
As for distal recording from the distal foot muscle innervated by the tibial nerve, in case of 
proximal stimulation (PS-DR), signals completely disappeared after surgery (Figure 5.5 B). 
Potentials appeared again for the autograft group at 8 weeks, for PCL at 12 weeks and for 
PCL/Gelatin at 18 weeks. When distal stimulation and distal recording were considered (DS-DR), 
signals completely disappeared after surgery, but amplitude rose and latency decreased for the 
autograft group after 8 weeks and for PCL and PCL/Gelatin groups after 18 weeks (Figure 5.5 C). 
For PR measured into the TA muscle (Figure 5.6 A) and for DR in the peroneal nerve in case of PS 
(Figure 5.6 B), measured potentials were analogous to the gastrocnemius and tibial nerve, 
respectively. When DS-DR was considered (Figure 5.6 C), again signals completely disappeared 
after surgery, but amplitude increased and latency decreased for the autograft group after 8 weeks, 
for PCL after 12 weeks and PCL/Gelatin after 18 weeks. However, in all cases, amplitudes at the 
18-week endpoint were much smaller than their baseline levels while the latency values remain 
slightly above their baseline levels. The percentage of the amplitude at the endpoint with respect to 
the baseline levels for each group was calculated as the percent recovery of the CMAP amplitude 
and reported in Table 5.1 for both tibial and peroneal nerve. 
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Figure 5.5: Electrophysiological recordings from the in vivo study. Tibial CMAP amplitude and latency, measured by 
placing the EMG electrodes in three different anatomical locations: A) Proximal stimulation (PS) - proximal recording 
(PR); B) Proximal stimulation (PS) - distal recording (DR); C) Distal stimulation (DS) - distal recording (DR). [PCL, 
n=5, ( ), PCL/Gelatin samples, n=6, ( ) and autograft, n=4, ( )]. The number of responding animals in each group 
is indicated above the bars, all animals are responding if not indicated. 
The autograft group showed the best electrophysiological recovery, regaining 53-81% (tibial nerve) 
and 35-55% (peroneal nerve) of the baseline amplitude measured prior to injury. PCL and 
PCL/Gelatin groups were equivalent in the percentage of signal gain in distal recording modes 
while electrophysiological recovery was significantly greater in PCL grafts in the proximal 
recording mode for both tibial and peroneal nerve. Also when the number of responsive animals 
were taken into account, PCL and autograft groups with all animals responding with positive 
                                                                                                        Chapter 5: In Vivo Implant in Rat Sciatic Nerve Model 
 
89 
CMAP amplitude were markedly better than the PCL/Gelatin group with only 2 out of 6 animals 
having a positive CMAP signal (4 out of 6 animals non-responsive by 18 weeks).  
 
Figure 5.6: Electrophysiological recordings from the in vivo study. Peroneal CMAP amplitude and latency, measured 
by placing the EMG electrodes in three different anatomical locations: A) Proximal stimulation (PS) - proximal 
recording (PR); B) Proximal stimulation (PS) - distal recording (DR); C) Distal stimulation (DS) - distal recording 
(DR). [PCL, n=5, ( ), PCL/Gelatin samples, n=6, ( ) and autograft, n=4, ( )]. 
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Table 5.1: Percent recovery of the CMAP amplitude for autograft, PCL and PCL/Gelatin implants measured at the 
study endpoint for tibial and peroneal nerve. 
  AUTOGRAFT PCL PCL/GELATIN 
TIBIAL 
NERVE 
PS-PR 81 52 19 
PS-DR 53 13 10 
DS-DR 54 12 12 
PERONEAL 
NERVE 
PS-PR 55 36 8 
PS-DR 35 10 11 
DS-DR 49 13 13 
TA and gastrocnemius muscle weights of the injured and healthy limbs were also measured at 
sacrifice and ratios of injured muscle weight to the healthy muscle weight are plotted in Figure 5.7. 
The autograft group had the highest degree of muscle weight recovery followed by the PCL group 
(Figure 5.7). The animals with the PCL/Gelatin implant had the worst muscle weight recovery, with 
both muscle groups greatly atrophied after 18 weeks of conduit repair.  
 
Figure 5.7: The ratio of the injured muscle weight to the healthy muscle weight in the tibialis anterior and 
gastrocnemius muscles 18 weeks post-op. [PCL, n=5, ( ), PCL/Gelatin samples, n=6, ( ) and autograft, n=4, ( )]. 
Histological and histomorphic analyses were performed to compare the morphology of the 
regenerated axons and the surrounding myelin sheet. Images of 1 m thick toluidine-blue stained 
nerve mid-sections are shown in Figure 5.8, where rats implanted with PCL or autografts had robust 
nerve cables, while few myelinated axons and more inflammatory cells were present in PCL/Gelatin 
implants. 
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Figure 5.8: Images of 1 μm thick toluidine-blue stained nerve mid-sections of a) PCL implant; B)PCL/Gelatin implant, 
C) autograft (Magnification 50x). 
A ﬁbrous capsule layer, with a mean thickness of (71.53±28.43) µm, was formed on the outer 
surface of all PCL conduits (Figure 5.9 A, red arrows), while this layer was absent in the case of 
autografts and PCL/Gelatin implants (Figures 5.9 B-C). 
 
Figure 5.9: Images at low magnification (4x) of 1 μm thick toluidine-blue stained nerve mid-sections of a) PCL 
implant, red arrows indicate a fibrous capsule layer; B) PCL/Gelatin implant and C) autograft, absence of fibrous 
capsule. 
The lumen of PCL tubes was also occupied with fibrous and connective tissue, which enclosed the 
axons and blood vessels (Figure 5.10 A) anyway myelinated axons are evident at higher 
magnification images (Figure 5.10 D). PCL/Gelatin implants induced a strong inflammatory 
response without any evident axonal regeneration, (Figures 5.10 B-E). For autologous graft the best 
regeneration process occurred as confirmed by histologies in Figures 5.10 C-F. 
The mean G-ratio for PCL and autograft was 0.71 ± 0.07 and 0.66 ± 0.05, respectively (Figure 
5.11). G-ratio could not be calculated in PCL/Gelatin implants due to the poor axonal regeneration 
and high degree of inflammation in this group. The mean myelinated fiber diameter was (4.77 ± 
1.36) μm for nerve regenerated into PCL implant and (5.82 ± 1.18) μm for autograft group. 
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Figure 5.10: Images of 1 μm thick toluidine-blue stained nerve mid-sections of A) PCL implant; B) PCL/Gelatin 
implant; C) Autologous graft at low magnification (20x); D) PCL implant; E) PCL/Gelatin; F) Autologous graft at high 
magnification (100x). Red arrows point out the presence of inflammatory cells; green arrows signal the presence of 
blood vessels; FT indicates a fibrous layer that encloses axons; ES states the electrospun conduit. 
 
Figure 5.11: Image analysis data: mean value of myelinated fibers diameters ( ) and mean value of G-ratio ( ) for 
all examined samples. 
5.4 DISCUSSION 
For in vivo test, a 5 mm gap in rat sciatic nerve model was chosen instead of a critical size defect of 
1 cm gap to preliminary evaluate materials suitability as a nerve guide. To assess axonal outgrowth 
and muscle reinnervation, a combination of traditional methods was used, including 
electrophysiology and muscle weights. For electrophysiological assessment, the amplitude of 
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CMAP is one commonly used parameter which indirectly reflects the numbers of regenerated motor 
nerve fibers and the extent of muscle reinnervation, while latency is an indirect parameter which 
refers to maturation of nerve fibers [17]. However three different approaches were used to measure 
CMAP: signals were recordered distally respect to the implant site by applying an electrical 
stimulus proximal and distal to the injury site and recordered proximally with a proximal 
stimulation. All the electrophysiological analysis demonstrated the superior capability of autograft 
and PCL nerve conduits in nerve regeneration when compared to PCL/Gelatin random nanofibrous 
nerve conduits, in fact based on the 18 weeks results, better functional recovery in terms of CMAP 
amplitude and latency was observed when the autograft and PCL tubes were implanted. These 
results were indirectly confirmed by muscles weight ratio: for PCL/Gelatin tubes, after 18 weeks of 
implant, the TA and Gastrocnemius muscles were almost entirely atrophied. The maintenance of 
muscle mass is controlled by a balance between protein synthesis and protein degradation pathways. 
When a muscle is denervated as a consequence of nerve injury, the balance is destroyed and shift to 
degradation tendency which leads to decreased muscle cell size, muscle weight loss and hyperplasia 
of connective tissues [18]. As the nerve regenerates into the muscle, it regains its mass proportional 
to the amount of reinnervation. This provides indirect evidence of nerve regeneration. 
Histological analysis of explanted nerve samples showed myelinated axons and vasculature in both 
autograft and PCL nerve conduits. The presence of axons with myelin sheaths in PCL implants 
correlates with the higher CMAP amplitude measured in this group with respect to PCL/Gelatin 
implants, where the formation of fibrous tissue and inflammatory cells have been detected making 
impossible the quantification of axon diameter and G-ratio. The occurrence of a significant 
inflammatory response can be due to not adequate mechanical properties of PCL/Gelatin device 
comparing to PCL, as confirmed also in literature [19]. 
Cross sectional nerve areas images, quantified for axon, fiber diameter and G-ratio (axon diameter / 
myelinated fiber diameter) by image analysis software for autograft and PCL implant, show a 
higher value of G-ratio and lower mean fiber diameter for the polymeric graft comparing to the 
autologous, due to a reduced myelination process. The axons in the autologous group are more 
mature and the G-ratio approximate better to the theoretical value of 0.6, optimal for the spread of 
current from one node of Ranvier to the next, observed in most healthy nerves [9].  
All the presented in vivo results are in agreement: PCL grafts performed well but not equivalent to 
the autograft, while PCL/Gelatin implants yielded consistently poor histology, electrophysiology 
and muscle weight data. PCL/Gelatin electrospun device failed as graft in vivo for peripheral nerve 
regeneration for lack in terms of mechanical response, despite the stronger cell/material interaction 
in vitro due to the materials chemistry and membrane submicrometric structure as confirmed by in 
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vitro test in our previous studies with DRGs and PC-12. In fact comparing with PCL, gelatin 
exposes many integrin sites for cell adhesion and differentiation, the presence of amine and 
carboxylic functional groups are responsible for the higher hydrophilicity and fiber size is smaller 
ensuring high surface/volume ratio for cells anchoring. 
Since in the implementation of a 3D device as nerve graft in vivo, mechanical properties play an 
important role in the application success, PCL conduits represent a promising starting point that can 
be further optimized compensating the lack in terms of surface chemistry in order to improve 
peripheral nerve regeneration.  
5.5 CONCLUSION 
PCL and PCL/Gelatin solutions were processed by electrospinning to fabricate fibrous conduits as 
artificial grafts for sciatic nerve repair after transection. 
Our animal experiment, electrophysiology and histological results showed that the PCL conduits 
gave good performance in resisting collapse and stretch forces in vivo and induced better recovery 
comparing to PCL/Gelatin conduits. Despite the submicrometric size scale of fibers and the better 
in vitro response with primary cells, PCL/Gelatin electrospun scaffolds are not capable of sustaining 
nerve regeneration in vivo, where the device mechanical response assumes greater importance.  
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CHAPTER 6 
Moving Towards Anisotropic and Multilayers Structures 
 
 
6.1 INTRODUCTION 
Poly(ε-caprolactone) (PCL) and PCL/Gelatin electrospun conduits were used as artificial grafts for 
sciatic nerve repair after transection. Data reported previously demonstrated that PCL/Gelatin 
electrospun device failed in sustaining nerve regeneration in vivo, despite the better in vitro 
response of primary (DRGs) and cell lines (i.e., hMSC and PC-12). While characteristic size scale 
of fibers seems to evidently affect in vitro response, other factors such as mechanical properties 
may affect the in vivo behavior. Furthermore, in Chapter 5, we have demonstrated that PCL conduit 
alone does not represent the best choice, but the autologous graft still remains the gold standard in 
terms of regeneration.  
Recently, alternative repair strategies include the use of intraluminal guidance structures and micro-
grooved luminal designs [1] to provide additional structure support and topographical guidance to 
regenerating axons and migrating Schwann cells (SC) (Figure 6.1).   
However, Ngo et al. [2] showed that the presence of fillers clustered in the centre of the conduit 
may reduce the axonal regeneration until a regeneration failure. This result highlights the need of a 
correct placement of intraluminal fillers within a hollow nerve conduit by the proper combination of 
material components. For instance, Stang et al. [3] demonstrated that the addition of a dense 
collagen sponge within a hollow nerve conduit also inhibits regeneration entirely. 
A promising strategy in the conduit design consists in the use of multi-channel conduits to control 
axonal dispersion, as well nutrient exchange or external stimuli. Sometimes, these approaches are 
not efficacious alone but also require further surface functionalization to improve cell adhesion, 
migration, alignment and proliferation [1]. 
The electrospinning process currently represents a very interesting approach to realize ‘‘bio-
inspired’’ scaffolds by the assembly of (micro or nano) textured layers with increasing complexity, 
by the stratification of fibers sheets with a distinct composition [4] and topographical pattern [5-7]. 
Hence, it is possible to design a scaffold with tunable chemical and structural features able to 
address different cell behaviors [8]. 
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As consequence, bilayered electrospun conduits, made by the overlapping of a PCL/Gelatin 
nanotextured inner layer and PCL microfibers as outer layer are introduced in this chapter as 
innovative graft for peripheral nerve repair. By this new approach, the inner layer guarantees 
topographic and biochemical cues to improve cells activities while the outer mainly ensures the 
mechanical stability required to guide the regenerating nerve. 
 
Figure 6.1: Summarized scheme of the structural repair strategies used for improving existing hollow nerve guidance 
conduits [1]. 
Since one of the biggest challenges with axonal regeneration is misdirected axonal growth, which 
results in inappropriately directed reinnervation between motor and sensory axons and their 
respective targets [9, 10], a possible approach to achieve directional axonal growth is the 
incorporation of contact guidance cues, whereby the topographical features of the biomaterial 
surface regulates the direction of cell growth [11]. Electrospun fibrous conduits are attractive for 
guidance because fibers may be aligned to orient axonal growth up to bridge large nerve gaps in 
both spinal cord regeneration [12, 13] and peripheral nerve [14, 15] cases. 
Alternatively, an additional multilayer system with micro or nanotexture and pre-determined 
anisotropy may be conceived by the inner surface of PCL micrometric fibers tubes by PCL/Gelatin 
fibers highly oriented along the longitudinal axis with incremental changes in fiber alignment 
controlled by the mandrel rotation. 
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6.2 MATERIALS 
PCL (Mn 45 kDa) and Gelatin (Type B from calf skin, ~225 Bloom) were purchased from Sigma-
Aldrich (Italy). 1,1,1,3,3,3-hexafluoro-2-propanol (HFP), (Fluka, Italy), and chloroform (CHCl3), 
from J.T. Baker (Italy), were used as received without further purification. PCL was dissolved in 
chloroform (0.33 g/ml) by magnetic stirring at room temperature overnight to attain a clear solution 
ready to be electrospun. PCL and Gelatin were separately dissolved in HFP at a concentration of 0.1 
g/ml and kept under magnetic stirring at room temperature for 24 h. Then, polymer solutions were 
mixed to obtain a 50/50 wt/wt PCL/Gelatin solution.  
6.3 METHODS 
6.3.1 Electrospinning Process 
Bilayered scaffolds were in both case - tubes with random inner layer (RILT) and tubes with 
aligned inner layer (AILT) - developed by a two-step electrospinning process. 
The luminal layer made of random PCL/Gelatin fibers was obtained by deposition on a stainless 
steel mandrel rotating at 50 rpm. Later, it was coated with micrometric PCL fibers, which formed 
the outer layer of the tube, with mandrel rotating rate equal to 50 rpm. 
The aligned fibrous nerve conduits comprised a luminal region of longitudinally aligned 
PCL/Gelatin fibers and an outer region of randomly oriented PCL fibers. Longitudinal alignment of 
PCL/Gelatin fibers was achieved through a drum rotating at high speed (3000 rpm). Once obtained 
the anisotropic membrane, it was cut and wrapped on the cylindric mandrel, ready for the 
subsequent deposition of PCL randomly oriented fibers. Upon completion of electrospinning, the 
nerve conduits were air-dried on the steel mandrel overnight to remove residual solvents. 
6.3.2 Morphological Analysis  
The morphology of fibrous devices was studied by scanning electron microscopy (SEM; 
QuantaFEG 200, FEI, The Netherlands) under high vacuum conditions (~10-5 Mbar). To improve 
the sample conductivity, specimens were preliminary coated with a Pd-Au nanolayer by using a 
sputter coater (Emitech K550, Italy). To analyze fiber alignment, SEM images of the nerve conduit 
luminar surfaces were imported into ImageJ software and transformed using the two-dimensional 
FFT function. This function converted the image into a spatial distribution corresponding to the 
changes in pixel intensity across the sample. Transformed images were rotated by 90° to match the 
alignment of the original images. 
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6.3.3. Cells Culture 
PC-12 cell, a cell line derived from pheochromocytoma of the rat adrenal medulla, and human 
mesenchymal stem cells (hMSC) were again selected as the testing cell models (see Chapter 3). 
PCL/Gelatin membranes scaffolds (random and aligned structured) were used as the experimental 
group. PC-12 cells were routinely cultured in tissue culture flask surfaces with High Glucose-
Dulbecco´s Modified Eagle´s Medium (HG-DMEM), containing 100 units/ml penicillin, 100 µg/ml 
streptomycin sulfate (Sigma), 5% fetal bovine serum and 15% of horse serum. 
hMSCs were cultured in Eagle’s alpha minimum essential medium (α-MEM) supplemented with 
10% fetal bovine serum, antibiotic solution (streptomycin 100 µg/ml and penicillin 100U/ml, Sigma 
Chem. Co) and 2 mM L-glutamin. Both cell lines were incubated at 37°C in a humidified 
atmosphere with 95% air and 5% CO2. When the cells became almost confluent, they were released 
by treating with 0.25% trypsin-EDTA solution for 3 min at 37°C and resuspended in their 
respective medium with a final concentration of 2 x 105 cells/ml. 
6.3.4 In vitro Neuronal Cell Differentiation assay 
For in vitro differentiation assay, PC-12 cells were seeded onto PCL/Gelatin membranes scaffolds 
(random and aligned structured) placed in 24 cell culture plates and cultured with RPMI 1640 
medium with 1% of horse serum and 50 ng/ml of neuronal growth factor (NGF) for 6 days. For 
neuronal induction, hMSCs were pre-treated with α-MEM containing 0.0001% β-mercaptoethanol, 
IBMX, DMSO, 10 ng/ml epidermal growth factor (EGF) and 10 ng/ml basic fibroblast growth 
factor (β-FGF) (Chemicon, Temecula, CA, USA) previously seeded onto electrospun membranes 
for 24 h. After pre-treatment, hMSCs were washed with PBS and then incubated with 50 ng/ml of 
NGF and 20 ng/ml of brain derived neurotrophic factor (BDNF) for 6 days. After induction, both 
PC-12 and hMSC cells cultures onto electrospun membranes scaffolds were fixed with 4% 
paraformaldehyde and permeabilized with PBS containing 0.5% Triton X-100. Cells were 
incubated at 4ºC overnight in a 1:300 dilution of the rabbit (IgG) polyclonal antibody against rat 
GAP-43 in PBS containing 2 mg/ml of bovine serum albumin (BSA). Scaffolds were washed with 
ice-cold PBS for 10 min at room temperature and incubated for 1 h at 4ºC with goat-anti-rabbit 
immunoglobulin secondary antibody conjugated with FITC for PC-12 and rhodamine for hMSC (3 
mg/ml, Sigma Chemical, St. Louis, MO), diluted 1:50 in PBS. Immunoassaying was visualized by 
Laser Scanning Confocal Microscopy (Carl Zeiss) (LSCM). 
6.4 RESULTS 
Bilayered tubes surface appeared macroscopically smooth and without any coarse defects along 
fibers. They were cross-sectioned and imaged to view the electrospun layers interface. SEM clearly 
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evidenced the bilayered structure of the tubular scaffolds: an inner layer with nanometric random 
PCL/Gelatin fibers and an outer layer with micrometric PCL fibers (Figure 6.2). The measured 
thickness of the PCL/Gelatin layer was 30.02 ± 2.34 μm while the external PCL layer had thickness 
of 978.53 ± 47.84 μm. Layers are strictly adhered to each other and no visible delamination is 
recognized in both cases- RILT and AILT conduits. 
 
Figure 6.2: Bilayered electrospun conduit made of PCL micrometric fibres (outer layer) and random PCL/Gelatin 
fibers (inner layer). 
Likewise, SEM image from sectioned AILT showed that PCL microfibers were randomly oriented 
on the external surface and PCL/Gelatin aligned fibers were on the internal surface (Figure 6.3). 
 
Figure 6.3: Bilayered electrospun conduit made of PCL micrometric fibers (outer layer) and aligned PCL/Gelatin fibers 
(inner layer). 
                                                                                   Chapter 6: Moving Towards Anisotropic and Multilayers Structures 
101 
SEM images of both luminal surfaces, i.e. random and aligned, were analyzed using the FFT 
function. The image containing randomly oriented fibers generated an output FFT image where the 
pixel intensities appeared to be uniformly distributed in a circular pattern (Figure 6.4 left). The 
image containing aligned fibers generated an output FFT image with a group of pixel intensities 
oriented in a preferential direction (Figure 6.4 right). Further analysis to calculate a quantitative 
value for fibers alignment is still ongoing. 
 
Figure 6.4: On the left random PCL/Gelatin and on the right aligned PCL/Gelatin SEM and relative FFT images, 
displayed in black and white for clarity. 
Preliminary biological validation with PC-12 and hMSC cells was performed in order to 
qualitatively identify the effect of the different pattern due to fibers spatial disposition on cells 
behavior. SEM pictures showed the spreading and cell attachment of cells after neurnal induction 
media for hMSC (Figure 6.5 left column) and PC-12 (Figure 6.5 right column). After 6 days of 
hMSC and PC-12 cultures with NGF treatment, PC-12 and hMSC cells showed a good spreading 
and attachment to the substrate scaffold developing characteristic neuritis with growth conical ends 
for physical contact with the surface of the electrospun fibers. Cells seeded on randomly oriented 
fibers showed randomly oriented growth patterns (Figure 6.5, up-row), while cells elongated 
parallel growth on aligned fibers (Figure 6.5, down-row). 
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Figure 6.5: SEM images of hMSC (left) and PC-12 (right) cell morphology after 6 day culture with NGF addition on 
RILT (A-B) and AILT (C-D) device. 
Confocal images obtained after immunostaining confirmed SEM results: they prove the preliminary 
differentiation of hMSC cells and PC-12 (Figure 6.6) culturing onto the random (up-rows) and 
aligned fibers (down-rows) scaffolds by detection of the membrane neurite marker growth 
associated protein GAP-43.  
 
Figure 6.6: Confocal images of hMSC (A-C) and PC-12 (B-D) cells morphology after 6 day culture with NGF addition 
on RILT (up-row) and AILT (dow-row) device. 
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The morphological appearance of PC-12 and hMSC differentiation showed that cells were sending 
out neurites that extend and attach to the substratum with a growth cones which extended from them 
onto fibrous scaffolds after 6 days of using neuronal induction media. In the specific case of aligned 
fibers, neurites from hMSC and PC-12 cells followed a rectilinear direction parallel to the long axes 
of the conduits.  
6.5 DISCUSSION 
Various nerve conduits are often not able to facilitate growth over long gaps due to collapse, scar 
infiltration, and, as in the case of biodegradable materials, early resorption [16, 17]. In these 
multilayered devices, the fibrous micro-structure of PCL may confer the adequate mechanical 
strength to the three-dimensional structure until later neo-tissue formation. Meanwhile, gelatin cue 
may encourage cells recognition [18] and the nanostructure adds high exposed surface (per volume 
unit) for cell attachment. 
Indeed, the homogeneous distribution of fiber diameter in the nanometric scale enables the exposure 
of an ordered nanotextured surface, interacting more effectively with cells, due to the higher 
exposed scaffold surface. The presence of the protein cue also provides specific signals to promote 
cell growth and functionality as confirmed by MSCs’ biocompatibility experiments.  
Here, PCL/Gelatin membranes were chosen as inner layer for the implementation of bilayered 
electrospun conduits. Gelatin integration directly inside the tubes guarantees favorable conditions 
for cellular adhesion, first aspect of cell-material interaction able to influence the response of cells’ 
physiological and biological functions, proliferation and differentiation.  
Schnell et al. [19, 20] reported that a biochemical interaction between cells and collagen exposed on 
the surface of the nanofibers is mediated by the ECM glycoprotein fibronectin, which binds to 
collagen I and to integrin receptors on cell membranes [20]. Gelatin is a natural biopolymer derived 
from collagen by controlled hydrolysis and has structural similarity to collagen. Therefore, it can be 
concluded that the inclusion of gelatin into PCL enhances the interaction of the cells with the 
scaffolds by engaging cell-adhesion molecules so permitting cells to exert/generate higher 
interaction forces as required for cell motility. 
Moreover the direction of neurite elongation was preferentially extended along the aligned fibers 
and such contact guidance might enhance the rate and the extent of neurite elongation, affecting the 
nerve regeneration process, strictly dependent in vivo on the formation of bands of Bünger by the 
alignment of Schwann cells [21-24]. Hence, it can be concluded that the arrangement of cells in 
controlled architecture may have beneficial effects on nerve regeneration. 
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Additionally, the outer layer made of randomly disposed PCL micrometric fibers assured that the 
conduits was pliable enough to glide and bend with the animal’s limb movements, yet stiff enough 
not to collapse in vivo. 
Moreover, micrometric fibers size and micrometric porous area (see Chapter 4) allow the exchange 
of nutrient with the surrounding tissue, indeed porous conduits permeable to the surrounding tissue 
medium provide better nutritional support and improve regeneration as demonstrated by Midha et 
al. [25]. 
6.6 CONCLUSION 
Based on the in vivo results reported in Chapter 5, the implementation of 3D electrospun structures 
with higher degree of complexity has been addressed here. Bilayered nerve conduits has been 
produced by covering a PCL/Gelatin nanotextured layer by PCL microfibers, in this way the 
luminal bicomponent layer can offer peculiar topographic and biochemical cues to improve cells 
activities while the outer synthetic layer mainly ensures the mechanical stability required to guide 
the regenerative nerve processes. Preliminary results, also suggested that the fibers alignment in the 
inner layer may further help regeneration avoiding misdirectional axonal growth.  
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OVERALL CONCLUSIONS 
In this work we proposed the design of bicomponent electrospun conduit for peripheral nerve 
regeneration. Firstly, we have optimized the electrospinning process by the proper selection of 
polymer/solvent coupling, giving prominence to the effect of solvent permittivity, and process 
parameters in order to control the final morphology of fibrous membranes. Results have suggested 
that solvents with different permittivity play an active role in PCL polymer chain folding during the 
fiber deposition, thus drastically affecting the fiber crystallinity and the final morphological 
appearance of electrospun fibers in terms of fiber size scale and bead formation. By adopting a 
particular fiber morphology (i.e., size scale) and mode of assembly of polymer chains (i.e., 
crystallinity), it is possible to influence the adhesion and/or proliferation kinetics of cells, ultimately 
determining the course of their differentiation process. Although PCL electrospun fibrous scaffolds 
have already been proven feasible as favorable substrates for nerve cell culture, the results of cell 
attachment, viability, and neurite outgrowth studies reported here, demonstrated that the integration 
of gelatin with PCL fibers significantly improves the biointeraction of PC-12 pheochromocytoma 
nerve cells with the substrate. This improved bioactivity is related to the synergistic contribution of 
scaffold material topography, that is, submicrometric fiber diameter, and biochemical signals 
offered by gelatin biopolymer, as confirmed also by the comparative study with casted films. 
Based on these preliminary results, PCL and PCL/Gelatin fibers were then collected on a rotating 
mandrel in order to produce electrospun conduits for peripheral nerve regeneration. We 
demonstrated that the use of rotating mandrel does not affect fibers morphology in both cases - PCL 
and PCL/Gelatin. Only mechanical properties of the electrospun conduits are strongly affected by 
the integration of gelatin in the fibers (PCL-Gelatin ratio is 50:50).  
Further in vitro characterization with primary cells, i.e. DRGs, also confirmed that the fibrous 
scaffolds are able to support cell attachment and neurite extension, in particular PCL/Gelatin 
substrates improved neurite outgrowth from DRGs principal body. Conduits have been successfully 
implanted as artificial graft in an 18 weeks study in rat sciatic nerve model to repair a 5 mm gap 
after transection. Animal experiment, electrophysiology and histological results have shown that the 
PCL conduits induced better recovery comparing to PCL/Gelatin conduits, probably due to its 
higher stiffness and resistance to collapse. Despite the submicrometric size scale of fibers and the 
better in vitro response with primary cells, PCL/Gelatin electrospun scaffolds are not capable of 
sustaining nerve regeneration in vivo, where the device mechanical response assumes greater 
importance.  
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In perspective, we are trying to design novel electrospun conduits with higher degree of complexity: 
bilayered electrospun conduits made by the overlapping of a PCL/Gelatin nanotextured inner layer 
and PCL microfibers as outer layer. As consequence, the luminal bicomponent layer guarantees the 
required topographic and biochemical cues to improve cells activities, while the micro-structured 
outer layer ensures the mechanical stability required to guide the regenerating nerve, thus 
representing an innovative graft for peripheral nerve repair. 
 
